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PREFACE 


The  Semiconductor  Technology  Program  serves 
to  focus  NBS  efforts  to  enhance  the  perfor- 
mance, interchangeability ,  and  reliability 
of  discrete  semiconductor  devices  and  inte- 
grated circuits  through  improvements  in  mea- 
surement technology  for  use  in  specifying 
materials  and  devices  in  national  and  inter- 
national commerce  and  for  use  by  industry  in 
controlling  device  fabrication  processes. 
Its  major  thrusts  are  the  development  of 
carefully  evaluated  and  well  documented  test 
procedures  and  associated  technology  and  the 
dissemination  of  such  information  to  the 
electronics  community.     Application  of  the 
output  by  industry  will  contribute  to  higher 
yields,  lower  cost,  and  higher  reliability 
of  semiconductor  devices.     The  output  pro- 
vides a  common  basis  for  the  purchase  speci- 
fications of  government  agencies  which  will 
lead  to  greater  economy  in  government  pro- 
curement.    In  addition,  improved  measurement 
technology  will  provide  a  basis  for  con- 
trolled improvements  in  fabrication  process- 
es and  in  essential  device  characteristics. 

The  Program  receives  direct  financial  sup- 
port principally  from  two  major  sponsors: 
the  Defense  Advanced  Research  Projects  Agen- 
cy (ARPA)*  and  the  National  Bureau  of  Stan- 
dards (NBS).^     In  addition,  the  Program  re- 
ceives support  from  the  Defense  Nuclear  Agen- 
cy (DNA) , §  the  Air  Force  Space  and  Missiles 
Systems  Organization,^  the  Navy  Strategic 
Systems  Project  Office,^''  and  the  Energy  Re- 
search and  Development  Administration.^  The 
ARPA-supported  portion  of  the  Program,  Ad- 
vancement of  Reliability,  Processing,  and 
Automation  for  Integrated  Circuits  with  the 
National  Bureau  of  Standards  (ARPA/IC/NBS) , 
addresses  critical  Defense  Department  prob- 
lems in  the  yield,  reliability,  and  avail- 
ability of  digital  monolithic  integrated  cir- 
cuits.    Other  portions  of  the  Program  empha- 
size aspects  of  the  work  which  relate  to  the 
specific  needs  of  the  supporting  agency.  Mea- 
surement oriented  activity  appropriate  to  the 
mission  of  NBS  is  an  essential  aspect  in  all 
parts  of  the  Program. 

Essential  assistance  to  the  Program  is  also 
received  from  the  semiconductor  industry 
through  cooperative  experiments  and  technical 
exchanges.     NBS  interacts  with  industrial  us- 
ers and  suppliers  of  semiconductor  devices 
through  participation  in  standardizing  organi- 
zations; through  direct  consultations  with  de- 
vice and  material  suppliers,  government  agen- 
cies, and  other  users;  and  through  periodical- 
ly scheduled  symposia  and  workshops.     In  addi- 
tion, progress  reports,  such  as  this  one,  are 


regularly  prepared  for  issuance  in  the  NBS 
Special  Publication  400  sub-series.    More  de- 
tailed reports  such  as  state-of-the-art  re- 
views, literature  compilations,  and  summaries 
of  technical  efforts  conducted  within  the  Pro 
gram  are  issued  as  these  activities  are  com- 
pleted.    Reports  of  this  type  which  are  pub- 
lished by  NBS  also  appear  in  the  Special  Pub- 
lication 400-  sub-series.    Announcements  of 
availability  of  all  publications  in  this  sub- 
series  are  sent  by  the  Government  Printing  Of 
fice  to  those  who  have  requested  this  service 
A  request  form  for  this  purpose  may  be  found 
at  the  end  of  this  report. 

Another  means  of  interaction  with  the  elec- 
tronics community  is  by  direct  contact.  In 
particular,  comments  from  readers  regarding 
the  usefulness  of  the  results  reported  herein 
or  relating  to  directions  of  future  activity 
in  the  Program  are  always  welcome . 

Disclaimer 

Certain  commercially  available  materials  or 
instruments  are  identified  in  this  publica- 
tion for  the  purpose  of  providing  a  complete 
description  of  the  work  performed.     The  exper 
iments  reported  do  not  constitute  a  complete 
evaluation  of  the  performance  characteristics 
of  the  products  so  identified.     In  no  case 
does  such  identification  imply  recommendation 
or  endorsement  by  the  National  Bureau  of  Stan 
dards  nor  does  it  imply  that  the  items  identi 
fied  are  necessarily  the  best  available  for 
the  purpose. 
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ABSTRACT 


This  progress  report  describes  NBS  activities  directed  toward  the  de- 
velopment of  methods  of  measurement  for  semiconductor  materials,  pro- 
cess control,  and  devices.     Both  in-house  and  contract  efforts  are 
included.     The  emphasis  is  on  silicon  device  technologies.  Principal 
accomplishments  during  this  reporting  period  included  (1)  development 
of  theoretical  expressions  for  electron  mobility  in  silicon  based  on 
combinations  of  scattering  mechanisms;   (2)  successful  low-temperature 
processing  of  MOS  capacitors  to  permit  measurement  of  thermally  stimu- 
lated current  and  capacitance  without  subjecting  the  specimens  to 
potentially  degrading  heat  treatments;   (3)  completion  of  a  study  of 
the  thermodynamics  of  reactions  in  an  oxidation  furnace  tube  which 
provides  a  basis  for  models  of  the  effect  of  water  vapor,  chlorine, 
and  tube  wall  conditions  on  sodium  contamination  levels;   (A)  develop- 
ment of  a  rapid,  nondestructive  method  for  reverse  decoration  of  de- 
fects in  passivation  overcoats;   (5)  development  of  the  theoretical 
basis  for  accurate  measurement  of  small  line  widths  by  analysis  of  a 
spatially  filtered  image  of  the  line;   (6)  extension  of  the  acoustic 
emission  technique  to  the  nondestructive  testing  of  tape-bonded  chips 
and  hybrid  components;  and  (7)  analysis  of  the  results  of  a  first 
exploratory  inter laboratory  evaluation  of  the  radioisotope  method  for 
testing  hermeticity  of  semiconductor  devices.     New  tasks  were  under- 
taken to  develop  techniques  for  measuring  resistivity  uniformity  of 
and  non-dopant  impurities  and  defects  in  power-device  grade  silicon 
and  to  investigate  the  particle  impact  noise  detection  method  for 
screening  devices  for  the  presence  of  loose  particles  in  the  package; 
initial  results  were  obtained  in  the  study  of  scanning  acoustic  mi^ 
croscopy  which  was  begun  during  the  previous  reporting  period.  Be- 
cause of  technical  limitations  in  the  methods,  efforts  to  develop 
both  the  automated  scanning  low  energy  electron  probe  and  in-process 
ultrasonic  bond  monitor  were  terminated.     Also  reported  is  other  on- 
going work  on  materials  characterization  by  electrical  and  physical 
analysis  methods,  materials  and  procedures  for  wafer  processing, 
photolithography,  test  patterns,  and  device  inspection  and  test  pro- 
cedures.    Supplementary  data  concerning  staff,  publications,  workshops 
and  symposia,  standards  committee  activities,  and  technical  services 
are  also  included  as  appendices. 

KEY  WORDS 

Acoustic  emission;  Auger  electron  spectroscopy;  beam-lead  bonds; 
capacitance-voltage  methods;  carrier  mobility;  C-MOS  circuits;  dopant 
profiles;  electrical  properties;  electronics;  four -probe  method;  her- 
meticity; ion  implantation;  Irvin's  curves;  leak  tests;  line-width 
measurement;  measurement  methods;  microelectronics;  optical  flying- 
spot  scanner;  oxidation  particle  impact  noise  detection  test;  passi- 
vation overcoats;  photovoltaic  method;  power-device  grade  silicon; 
radioisotope  method;  resistivity;  resistivity  variations;  safe  oper- 
ating area,  transistor;  scanning  acoustic  microscope;  scanning  elec- 
tron microscope;  scanning  low  energy  electron  probe;  semiconductor 
devices;  semiconductor  materials;  semiconductor  process  control; 
silicon;  silicon  dioxide;  silicon  on  sapphire;  sodium  contamination; 
spreading  resistance;  surface  roughness;  test  patterns;  thermally 
stimulated  current;   transistors,  power;  TTL  circuits;  ultrasonic  wire 
bonding;  ultraviolet  reflectance;  x-ray  damage. 
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1  .    I  n  T  R  0  D  [I  C  T  I  0  r 


This  is  a  report  to  the  sponsors  of  the  Semi- 
conductor Technology  Program  on  work  during 
the  thirty-first  and  thirty-second  quarters 
of  the  Program.     It  summarizes  work  on  a  wide 
variety  of  measurement  methods  for  semicon- 
ductor materials,  process  control,  and  de- 
vices that  are  being  studied  at  the  National 
Bureau  of  Standards.     The  Program,  which  em- 
phasizes silicon-based  device  technologies, 
is  a  continuing  one,  and  the  results  and  con- 
clusions reported  here  are  subject  to  modifi- 
cation and  refinement. 

The  work  of  the  Program  is  divided  into  a  num- 
ber of  tasks,  each  directed  toward  the  study 
of  a  particular  material  or  device  property 
or  measurement  technique.     This  report  is  sub- 
divided according  to  these  tasks.  Highlights 
of  activity  during  the  reporting  period  are 
given  in  section  2.     This  section  provides  a 
management-level  overview  of  the  entire  ef- 
fort.    Subsequent  sections  deal  with  each 
specific  task  area.     References  cited  are 
listed  in  the  final  section  of  the  report. 

The  report  of  each  task  includes  a  narrative 
description  of  progress  made  during  this  re- 
porting period.    Additional  information  con- 
cerning the  material  reported  may  be  ob- 
tained directly  from  individual  staff  mem- 
bers identified  with  the  task  in  the  report. 
Organizational  locations  and  telephone  num- 
bers for  Program  staff  members  are  given  in 
Appendix  A. 

Background  material  on  the  Program  and  in- 
dividual tasks  may  be  found  in  earlier  prog- 
ress reports  as  listed  in  Appendix  B.  From 
time  to  time,  publications  are  prepared  that 
describe  some  aspect  of  the  program  in 
greater  detail.     Current  publications  of 


this  type  are  also  listed  in  Appendix  B. 
Reprints  or  copies  of  such  publications  are 
usually  available  on  request  to  the  author. 
In  addition  tutorial  videotapes  are  being 
prepared  on  selected  measurement  topics  for 
dissemination  to  the  electronics  community. 
Currently  available  videotapes  and  procedures 
for  obtaining  them  on  loan  are  also  listed  in 
Appendix  B. 

Communication  with  the  electronics  community 
is  a  critical  aspect  both  as  input  for  guid- 
ance in  planning  future  program  activities 
and  in  disseminating  the  results  of  the  work 
to  potential  users.     Formal  channels  for  such 
communication  occur  in  the  form  of  workshops 
and  symposia  sponsored  or  co-sponsored  by  NBS . 
At  the  present  time,  no  such  seminars  and 
workshops  are  scheduled.    However,  the  avail- 
ability of  proceedings  from  past  workshops 
and  seminars  is  indicated  in  Appendix  C. 

An  important  part  of  the  work  that  frequent- 
ly goes  beyond  the  task  structure  is  partici- 
pation in  the  activities  of  various  technical 
standardizing  committees.     The  list  of  per- 
sonnel involved  with  this  work  given  in  Ap- 
pendix D  suggests  the  extent  of  this  partici- 
pation.    In  most  cases,  details  of  standard- 
ization efforts  are  reported  in  connection 
with  the  work  of  a  particular  task. 

Technical  services  in  areas  of  competence  are 
provided  to  other  NBS  activities  and  other 
government  agencies  as  they  are  requested. 
Usually  these  are  short-term,  specialized  ser- 
vices that  cannot  be  obtained  through  normal 
commercial  channels .     To  indicate  the  kinds 
of  technology  available  to  the  Program,  such 
services  provided  during  the  current  report- 
ing period  are  listed  in  Appendix  E. 
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2  .  HIGHLIGHTS 


Highlights  of  progress  in  the  various  techni- 
cal task  areas  of  the  Program  are  listed  in 
this  section.     Particularly  significant  ac- 
complishments during  this  reporting  period 
included : 

(1)  development  of  theoretical  expres- 
sions for  electron  mobility  in  silicon  based 
on  combinations  of  scattering  mechanisms; 

(2)  successful  low-temperature  process- 
ing of  MOS  capacitors  to  permit  measurement 
of  thermally  stimulated  current  and  capaci- 
tance without  subjecting  the  specimens  to 
potentially  degrading  heat  treatments; 

(3)  completion  of  a  study  of  the  thermo- 
dynamics of  reactions  in  an  oxidation  fur- 
nace tube  which  provides  a  basis  for  models 
of  the  effect  of  water  vapor,  chlorine,  and 
tube  wall  conditions  on  sodium  contamination 
levels ; 

(4)  development  of  a  rapid,  nondestruc- 
tive method  for  reverse  decoration  of  de- 
fects in  passivation  overcoats; 

(5)  development  of  the  theoretical  ba- 
sis for  accurate  measurement  of  small  line 
widths  by  analysis  of  a  spatially  filtered 
image  of  the  line; 

(6)  extension  of  the  acoustic  emission 
technique  to  the  nondestructive  testing  of 
tape-bonded  chips  and  hybrid  components;  and 

(7)  analysis  of  the  results  of  a  first 
exploratory  interlaboratory  evaluation  of 
the  radioisotope  method  for  testing  herme- 
ticity  of  semiconductor  devices. 

New  tasks  were  undertaken  to  develop  tech- 
niques for  measuring  resistivity  uniformity 
of  and  non-dopant  impurities  and  defects  in 
power-device  grade  silicon  and  to  investigate 
the  particle  impact  noise  detection  method 
for  screening  devices  for  the  presence  of 
loose  particles  in  the  package;  initial  re- 
sults were  obtained  in  the  study  of  scanning 
acoustic  microscopy  which  was  begun  during 
the  previous  reporting  period.     Because  of 
technical  limitations  in  the  methods,  efforts 
to  develop  both  the  automated  scanning  low 
energy  electron  probe  and  in-process  ultra- 
sonic bond  monitor  were  terminated. 

Unless  another  organization  is  identified, 
the  work  described  in  the  following  para- 
graphs was  performed  at  the  National  Bureau 
of  Standards, 

Materials  Charaoterization  by  Eleotriaal  Meth- 
ods —  An  extensive  matrix  experiment  was  car- 


ried out  to  examine  the  conditions  under 
which  the  sheet  resistance  of  very  thin 
junction-isolated  silicon  layers  could  be  mea 
sured  reliably  by  the  four-probe  method.  In 
contrast  to  the  less  promising  results  of  an 
interlaboratory  pilot  study,  conducted  in  co- 
operation with  ASTM  Committee  F-1  on  Electron 
ics ,  the  results  of  these  experiments  showed 
that  better  than  1  percent  repeatability  is 
feasible  if  measurement  conditions  are  prop- 
erly controlled.     An  interlaboratory  test  to 
verify  this  conclusion  is  now  being  con- 
ducted in  cooperation  with  Committee  F-1. 

Experiments  to  determine  the  effects  of  speci 
men  surface  preparation  and  probe  material  on 
the  empirical  relation  between  silicon  resis- 
tivity and  spreading  resistance  were  contin- 
ued with  the  study  of  surfaces  mechanically 
polished  with  O.S-ym  alumina  in  an  aqueous 
slurry.     Anomalous  results  were  obtained  on 
(111)  n-type  surfaces;  satisfactory  results 
were  obtained  on  (111)  p-type  and  (100)  n- 
type  surfaces. 

As  a  preliminary  test  of  the  application  of  a 
simplified  calculational  procedure  being  de- 
veloped at  Solecon  Laboratories  for  correct- 
ing spreading  resistance  data  on  layers  with 
nonuniform  resistivity,  the  dopant  profiles 
of  two  boron-diffused  layers  were  measured  by 
the  spreading  resistance  method  and  by  the  in 
cremental  sheet  resistance  method  and  com- 
pared.    The  relatively  close  agreement  ob- 
tained suggests  that  the  parallel  superposi- 
tion approach  is  quite  accurate  for  diffused 
structures  with  junction  depths  less  than  2 
\m.     Discrepancies  near  the  surface  could  be 
accounted  for  on  the  basis  of  bevel-rounding 
effects . 

Work  on  the  bulk  photovoltaic  effect  was  re- 
sumed with  emphasis  on  the  application  of 
this  method  to  evaluation  of  resistivity  vari 
ations  along  the  diameter  of  circular  slices 
suitable  for  fabrication  of  high-power  thyris 
tors  and  rectifier  diodes.     An  automated  data 
collection  and  analysis  system  for  making  pho 
tovoltaic  measurements  has  been  designed  and 
assembled.     Subsequently,  the  resolution  of 
this  technique  is  to  be  compared  with  that  of 
the  spreading  resistance  method. 

As  part  of  the  continuing  experimental  rede- 
termination of  the  resistivity-dopant  density 
relation  (Irvin's  curves),  additional  measure 
ments  of  room-temperature  resistivity  and  do- 
pant density  were  made  on  silicon  wafers 
doped  with  phosphorus.     In  addition,  initial 
measurements  were  made  on  silicon  wafers 
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doped  with  boron.     In  general  the  electron 
mobilities  lie  above  those  based  on  Irvin's 
data  and  the  hole  mobilities  lie  below  those 
reported  by  Wagner. 

Theoretical  expressions  have  been  developed 
for  the  electron  mobility  in  silicon  as  a 
function  of  temperature  and  dopant  density. 
By  incorporating  the  effects  of  electron- 
electron  scattering  and  scattering  anisotro- 
pies  in  the  mobility  calculation,  good  agree- 
ment between  theory  and  experiment  for  both 
electron  mobility  and  resistivity  was  ob- 
tained for  phosphorus-doped  silicon  slices 
with  dopant  density  of  10^'*  to  3  x  10 cm"^ 
over  the  temperature  range  100  to  500  K. 

A  new  task  has  been  undertaken  to  examine  the 
range  of  validity  of  the  Schottky  equations 
(based  on  the  depletion  approximation)  which 
are  commonly  used  to  extract  dopant  density 
from  capacitance-voltage  data.     Numerical  so- 
lutions to  boundary  value  problems  based  on 
the  carrier  transport  equations  or  Poisson's 
equation  are  being  developed  to  provide  a  ba- 
sis for  comparison.     Among  the  questions  to 
be  studied  explicitly  are:     (1)  what  is  the 
correct  definition  of  junction  capacitance  in 
terms  of  field  quantities  such  as  electric 
field  and  electron  and  hole  densities?  and 
(2)  is  the  quantity  derived  from  capacitance- 
voltage  data  by  the  Schottky  equation  the 
equilibrium  free-carrier  density  or  the  impu- 
rity (dopant)  density  in  the  depletion  region? 

A  new  task  has  been  initiated  to  study  the 
thermally  stimulated  current  and  capacitance 
response  of  silicon  suitable  for  fabrication 
of  high-power  thyristors  and  rectifier  diodes. 
Initial  work  has  concentrated  on  the  develop- 
ment of  apparatus  for  making  the  measurements 
at  the  wafer  level  and  evaluation  of  low- 
temperature  procedures  for  fabrication  of  MOS 
capacitors.     Early  results  suggest  that  capac- 
itors fabricated  with  a  silicon  dioxide  layer 
chemically  vapor  deposited  at  400°C  and  an 
electron-beam  (e-gun)  evaporated  aluminum 
gate,  microalloyed  in  dry  nitrogen  at  400°C, 
are  suitable  for  thermally  stimulated  current 
and  capacitance  measurements.     It  was  also 
demonstrated  that  such  measurements  can  be 
made  at  the  wafer  level  in  a  dry  nitrogen  at- 
mosphere; an  improved  apparatus  for  this  pur- 
pose was  designed  and  assembled.     The  results 
of  preliminary  experiments  suggest  that  it 
may  be  possible  to  make  thermally  stimulated 
current  and  capacitance  measurements  even  in 
capacitors  with  oxides  contaminated  by  rela- 
tively large  densities  of  mobile  ions  pro- 
vided that  the  mobile  ions  are  driven  to  the 
metal-oxide  interface.     In  related  work,  the 


emission  temperatures  of  a  number  of  impurity 
and  defect  centers  in  silicon  were  calculated 
as  a  function  of  heating  rate  with  the  use  of 
data  compiled  from  literature. 

Design  and  evaluation  work  on  the  modified  in 
strument  for  measuring  capacitance  at  applied 
voltages  of  up  to  10  kV  has  been  completed  at 
RCA  Laboratories .     In  an  application  of  this 
instrument,  it  was  shown  that  a  large  posi- 
tive charge  develops  at  the  silicon-sapphire 
interface  during  e-gun  metallization  and  that 
annealing  at  400°C  in  forming  gas  does  not  en 
tirely  remove  this  charge.     The  extended- 
range  measurement  technique  was  refined  to 
permit  measurement  of  conductance  as  a  func- 
tion of  voltage  in  addition  to  capacitance. 

Materials  Charaaterization  by  Physiaal  Analy- 
sis Methods  —  Development  of  calibration 
standards  for  ion  microprobe  mass  analysis 
continued  at  Texas  Instruments  with  emphasis 
on  improved  masking  techniques  for  fabricat- 
ing the  microvolume  structures,  preparation 
of  implanted  specimens ,  and  collection  of  da- 
ta.    Preliminary  results  suggest  that  the 
smaller  microvolume  structures  may  be  inappro 
priate  for  calibration  artifacts.  Consequent 
ly,  future  activities  in  this  task  are  being 
directed  toward  collection  of  reproducibility 
data  and  refinement  of  procedures  for  cali- 
brating standard  specimens. 

The  rapid,  nondestructive  reflectance  tech- 
nique being  developed  at  RCA  Laboratories  to 
determine  the  surface  quality  of  sapphire  sub 
strates  was  extended  to  ultraviolet  wave- 
lengths.    The  reflectance  characteristics  of 
silicon-on-sapphire  composites  could  be  cor- 
related with  the  surface  roughness  of  the  sil 
icon  film. 

The  impurity  content  of  three  sapphire  sub- 
strates was  determined  by  neutron  activation 
analysis.     These  measurements  were  made  to 
assist  an  Air  Force  contractor  in  studying 
the  influence  of  impurities  transferred  from 
the  sapphire  substrate  to  the  silicon  film  on 
the  properties  of  silicon-on-sapphire  devices 

A  study  was  made  of  the  effect  of  ion  flux 
distribution  in  Auger/ion  beam  profiling  of 
oxide-silicon  structures  at  Stanford  Univer- 
sity.    It  was  shown  that  ion  flux  inhomogene- 
ities  can  be  a  limiting  factor  in  depth  reso- 
lution.    Apparent  interface  broadening  was 
also  shown  to  occur  in  the  presence  of  en- 
hanced sputtering  as  a  result  of  electron- 
stimulated  desorption  of  oxygen  from  the  ox- 
ide.    In  related  work  at  Varian  Associates, 
the  crater  edge  formed  by  ion  beam  etching 
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was  shown  to  provide  a  bevelled  surface  which 
allows  depth  profiling  by  Auger  electron  spec- 
troscopy with  a  spatial  resolution  signifi- 
cantly greater  than  that  obtainable  on  a  me- 
chanically lapped  bevelled  surface. 

Materials  and  Proaedures  for  Wafer  Process- 
ing —  A  thermodynamic  study  of  the  reactions 
in  a  fused  silica  oxidation  furnace  tube  was 
completed.     Equilibrium  sodium  concentrations 
in  the  furnace  atmosphere  were  determined  at 
several  temperatures  for  varying  amounts  of 
water  vapor  and  chlorine;  it  was  assumed  that 
the  sodium  was  transferred  from  the  tube  wall 
in  which  it  occurs  at  a  level  of  about  10 
parts  per  million  by  weight.     The  presence  of 
water  vapor  was  shown  to  increase  the  sodium 
density  significantly  because  of  the  forma- 
tion of  sodium  hydroxide.     The  results  of  the 
calculations  also  provide  insight  into  the 
mechanisms  which  occur  when  cleaning  furnace 
tube  walls  with  hydrogen  chloride  or  chlorine. 

Additional  calculations  were  made  to  estimate 
the  x-ray  dose  received  by  oxide  films  in  MOS 
structures  from  the  deposition  of  aluminum  or 
chlorine  gate  electrodes  by  electron-beam 
evaporation.     It  was  found  that  the  dose  re- 
ceived is  essentially  independent  of  the  elec- 
tron beam  energy.     A  significant  reduction  in 
dose  absorbed  in  the  oxide  occurs  if  a  chro- 
mium film  is  used  as  the  gate  electrode  rath- 
er than  an  aluminum  film,  primarily  because 
the  power  necessary  to  deposit  a  chromium 
layer  is  significantly  less  than  that  re- 
quired to  deposit  the  same  thickness  of  alu- 
minum . 

Dose  measurement  studies  were  completed  as 
part  of  the  development  of  measurement  tech- 
nology for  critical  ion  implantation  parame- 
ters at  Hughes  Research  Laboratories.  Evalu- 
ation of  a  group  of  typical  current  integra- 
tors revealed  inaccuracies  at  high  implanta- 
tion currents,  a  situation  which  may  cause 
problems  as  the  industry  moves  to  higher  cur- 
rents for  production  use.     Procedures  for  mea- 
suring the  ion  beam  current  density  distribu- 
tion were  also  developed.     In  addition  sever- 
al metallization  systems  were  evaluated  for 
use  as  Schottky  barrier  contacts  on  n-type 
silicon;  gold  yielded  the  best  results  in 
this  study. 

A  new,  simple,  nondestructive  reverse  decora- 
tion technique  was  developed  at  RCA  Laborato- 
ries to  detect  defects  in  insulating  films 
over  metal  portions  of  semiconductor  devices. 
The  defects  are  clearly  visible  for  microscop- 
ic examination  because  the  decorating  medium, 
carbon  black,  covers  only  portions  of  the  sur- 


face on  which  defects  are  absent.     The  dec- 
rating  medium  can  be  completely  removed  fol- 
lowing examination. 

Studies  of  the  transfer  of  zinc  from  simulat- 
ed boron  nitride  diffusion  sources  to  the 
glass  which  forms  on  the  surface  of  a  silicon 
wafer  during  a  typical  diffusion  process  were 
carried  out  at  the  Pennsylvania  State  Univer- 
sity.    The  results  of  these  experiments  were 
inconclusive  because  available  measurement 
techniques  proved  to  be  too  insensitive.  In 
addition,  calculations  were  made  of  equilibri 
um  partial  pressures  of  the  chemical  species 
in  both  hydrogen  chloride  and  trichloroethyl- 
ene  oxidation  systems.     It  was  found  that  the 
partial  pressure  of  water  vapor  in  the  tri- 
chloroethylene  system  was  about  an  order  of 
magnitude  lower  than  that  in  the  hydrogen 
chloride  system. 

Pho to li thography  —  Application  of  the  spa- 
tial filtering  technique  to  line-width  mea- 
surement with  an  optical  microscope  was  ana- 
lyzed.    In  this  method,  the  observer  uses  an 
optical  transformation  of  the  line  in  which 
the  image  no  longer  resembles  the  original 
line  but  in  which  the  location  of  the  line 
edges  is  marked  by  two  narrow,  dark  lines 
within  a  bright  surround.     Although  implemen- 
tation of  this  technique  will  require  rede- 
sign of  microscope  objectives  with  large  nu- 
merical apertures  so  that  the  plane  of  the  ob 
ject  spectrum  occurs  outside  the  physical  di- 
mensions of  the  lens  system,  this  technique 
appears  in  principle  to  alleviate  many  of  the 
problems  associated  with  the  use  of  filar  and 
image-shearing  eyepieces. 

A  research  microscope  was  modified  to  make 
photometric  scans  of  line-image  profiles  for 
comparison  with  theoretically  computed  pro- 
files.    The  agreement  obtained  between  mea- 
sured and  calculated  profiles  for  transparent 
lines  as  narrow  as  1  pm  in  an  opaque  back- 
ground was  quite  satisfactory;  the  results  to 
date  suggest  that  the  system  can  be  used  to 
measure  the  width  of  transparent  lines  nearly 
as  narrow  as  the  impulse  response  of  the  ob- 
jective lens,  and  thus  that  it  may  be  possi- 
ble to  calibrate  line-width  artifacts  as  nar- 
row as  0.5  ym  without  resorting  to  scanning 
electron  microscopy.     Work  is  underway  to  in- 
vestigate causes  for  the  remaining  discrepan- 
cies between  theory  and  experiment. 

Chromium-on-glass  artifacts  with  opaque  and 
transparent  lines  as  small  as  1  ym  wide  have 
been  fabricated  successfully.     Additional  mea 
surements  of  line  widths  on  such  artifacts 
confirmed  the  previously  predicted  discrepan- 
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cies  between  measurements  made  with  filar 
and  image-shearing  eyepieces. 

A  study  was  undertaken  at  Recognition  Systems 
to  delineate  the  tolerances,  design  criteria, 
and  limitations  associated  with  the  measure- 
ment of  line  widths  by  analysis  of  the  dif- 
fraction pattern.     It  was  shown  that  the  sys- 
tem response  depends  on  the  uniformity  and 
phase  of  the  aperture  illumination  and  on  the 
numerical  aperture  and  quality  of  the  objec- 
tive lens  as  well  as  on  the  characteristics 
of  the  line  or  gap  being  measured.     The  re- 
sults suggest  that  additional  analysis  and 
instrumental  improvements  will  be  necessary 
to  interpret  accurately  widths  of  lines  less 
than  2.5  ym  wide;  such  modifications  are  be- 
ing considered. 

Detailed  analyses  were  completed  of  a  variety 
of  automated  technologies  applicable  to  the 
inspection  of  photomasks  for  defects.     It  was 
concluded  from  this  work,  conducted  at  Law- 
rence Livermore  Laboratory,  that  the  search 
for  dimensional  errors  and  the  search  for  de- 
fects differs  significantly,  and  that  these 
functions  should  be  performed  independently. 
Speed  is  the  most  important  consideration  in 
the  automated  search  for  visible  defects; 
the  analyses  showed  that  few  systems  as  pres- 
ently envisioned  have  economically  attractive 
inspection  times.     To  provide  a  means  for  fu- 
ture evaluation  of  various  automated  mask  in- 
spection systems,  work  was  initiated  on  the 
design  and  fabrication  of  a  test  mask  with 
intentionally  added  defects. 

Test  Patterns  —  The  square  array  four-probe 
collector  resistor  structure  was  further  ana- 
lyzed for  the  case  in  which  the  probe  spacing 
is  comparable  with  the  lateral  dimensions  of 
a  square  specimen.     It  was  found  that  simple, 
limiting  expressions  for  the  specimen  resis- 
tivity provide  1  percent  or  better  accuracy 
except  for  ratios  of  the  length  of  the  speci- 
men side  to  the  probe  spacing  between  1.35 
and  23. 

Additional  analysis  of  cross-type  sheet  re- 
sistor test  structures  was  completed.  The 
Greek  cross  structure,  which  can  be  treated 
as  a  simple  van  der  Pauw  resistor,  is  partic- 
ularly interesting  because  it  affords  the  pos- 
sibility of  measuring  sheet  resistance  in  a 
region  whose  dimensions  are  limited  only  by 
the  minimum  line  width  achievable  by  the  pho- 
tolithographic technology  utilized  in  device 
fabrication. 

A  test  pattern  for  TTL  technology  is  being  de- 
veloped as  an  illustration  of  a  microelectron- 


ic test  pattern  for  use  in  implementing  the 
process  validation  wafer  concept.     The  pat- 
tern consists  of  a  variety  of  modularized 
test  structures  which  are  intended  to  be 
tested  electrically  with  a  high-speed  dc  wa- 
fer tester.     Included  are  test  structures 
which  can  identify  variations  in  process  and 
circuit  parameters  and  the  presence  of  random 
faults . 

The  mask  set  for  the  SOS/LSI  test  pattern  be- 
ing developed  at  RCA  Laboratories  was  com- 
pleted and  two  lots  of  wafers  were  processed. 
Preliminary  results  were  obtained  on  several 
test  structures  designed  for  visual  examina- 
tion and  on  the  distribution  of  the  charac- 
teristics of  the  p-channel  transistor  across 
a  wafer. 

Assembly  and  Paokaging  —  Detailed  experi- 
ments were  carried  out  to  evaluate  the  acous- 
tic emission  test  as  a  nondestructive  means 
for  evaluating  the  quality  of  beam-lead  bonds 
Distinct  differences  were  obtained  in  the 
emission  signals  for  various  types  of  bond 
weaknesses.     In  addition  it  was  shown  that 
this  technique  could  also  be  applied  to  evalu 
ation  of  other  types  of  gang-bonded  devices. 

An  extensive  series  of  experiments  was  car- 
ried out  to  complete  the  evaluation  of  the  in 
process  ultrasonic  bond  monitor.     These  exper 
iments  showed  that  the  characteristic  signal 
observed  at  the  node  of  the  bonding  tool  did 
not  correlate  with  bond  quality  but  occurred 
as  a  result  of  transients  in  the  power  supply 
transducer-tool  system.     Because  of  the  nega- 
tive results  of  these  experiments ,  further 
development  of  this  technique  has  been  aban- 
doned . 

The  first  exploratory  interlaboratory  evalua- 
tion of  the  radioisotope  method  for  testing 
hermeticity  of  semiconductor  devices  has  been 
completed  and  the  results  analyzed.     This  ex- 
periment demonstrated  conclusively  that  an 
interlaboratory  comparison  of  hermetic  pack- 
ages can  be  accomplished  under  appropriate 
metrological  guidelines .     The  ten  measure- 
ments on  each  of  100  test  packages  yielded 
leak  rates  which  agreed  to  within  a  fraction 
of  the  decade  in  which  the  mean  value  oc- 
curred, in  contrast  to  order  of  magnitude  dif 
ferences  observed  in  earlier,  less  formal  in- 
dustrial comparisons.     In  addition  the  exper- 
iment provided  information  necessary  to  de- 
velop an  improved  measurement  procedure. 

Detailed  evaluation  of  the  particle  impact 
noise  detection  test  has  been  initiated  as  a 
first  phase  of  a  study  of  loose  particle  de- 
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tection  methods.     Initial  results  showed  the 
feasibility  of  using  seeded  cans  as  reference 
standards  for  evaluation  of  equipment  for 
this  test  and  demonstrated  the  equivalence  of 
three  commonly  used  couplants  used  to  attach 
the  device  to  the  test  apparatus. 

Device  Inspection  and  Test  —  Procedures  were 
developed  to  obtain  a  quantitative  measure 
of  localized  temperatures  within  operating 
bipolar  silicon  devices  using  the  dual-laser, 
flying-spot  scanner.     The  feasibility  of  us- 
ing the  laser  scanner  to  observe  a  device 
through  the  back  side  was  demonstrated;  this 
has  implications  for  examining  face-mounted 
chips  which  cannot  be  inspected  in  the  usual 
fashion.     A  color  display  was  added  to  the 
scanner  in  order  to  assist  in  separating  var- 
ious responses  and,  with  suitable  mixing,  to 
display  contours  of  equal  photoresponse. 

Detailed  studies  of  scanning  acoustic  micros- 
copy as  a  technique  for  the  inspection  of 
semiconductor  devices  and  integrated  circuits 
continued  at  Stanford  University  and  Hughes 
Research  Laboratories.     At  Stanford,  a  940- 
MHz  microscope  has  been  constructed  which  ap- 
pears to  have  a  resolution  of  about  0.5  pm. 
The  feasibility  of  observing  temperature  dif- 
ferences with  the  microscope  was  demonstrated 
by  means  of  a  brief  investigation,  and  ini- 
tial work  was  undertaken  to  evaluate  the  use 
of  an  acoustic  beam  with  non-normal  incidence 
in  reflection- type  imaging.     Hughes  has  con- 
structed a  second-generation  microscope  which 
operates  at  400  MHz.     This  microscope  has 
demonstrated  good  day-to-day  mechanical  and 
electrical  stability,  and  appears  to  have  a 
resolution  of  better  than  2.5  pm.     In  addi- 
tion an  acoustic  anti-reflection  coating  was 
developed  to  reduce  signal  losses  at  the  lens- 
water  interface  by  up  to  18  dB. 


Experiments  and  analyses  were  conducted  to 
demonstrate  the  relevance  of  total  dose  as 
the  key  parameter  in  device  degradation  as  a 
result  of  inspection  with  a  scanning  electron 
microscope.     It  was  shown  that  if  the  device 
is  expected  to  function  electrically  after 
such  examination,  it  is  essential  to  develop 
a  careful  analysis  strategy  before  the  device 
is  placed  in  the  specimen  chamber  of  the  scan 
ning  electron  microscope.     Some  of  the  limita 
tions  of  a  simple  method  of  calculation  for 
estimating  the  magnitude  of  electron-beam- 
induced  currents  in  device  structures  were 
demonstrated  by  measurements  on  a  diode  doped 
with  copper  and  on  an  npn  transistor.     In  ad- 
dition the  usefulness  of  electron-beam- 
induced-current  images  in  the  comparative 
mode  was  demonstrated. 

The  automated  "scanning  low  energy  electron 
probe  being  developed  at  the  Naval  Research 
Laboratory  was  used  to  view  a  typical  inte- 
grated circuit  structure.     These  observations 
were  impaired  by  surface  charging  effects 
which  degraded  resolution  below  acceptable 
levels.     Significant  instrument  alterations 
will  have  to  be  made  to  remove  this  obstacle 
to  routine  examination  of  integrated  circuit 
chips.     No  further  work  is  planned. 

A  model  for  the  formation  of  stable  hot  spots 
in  transistors  was  developed  in  cooperation 
with  Westinghouse  Research  Laboratories.  The 
model  explains  the  thermal  hysteresis  effects 
of  transistor  current  gain  as  a  function  of 
collector  voltage  which  had  been  observed 
previously  and  provides  a  sounder  basis  for 
the  determination  of  safe  operating  condi- 
tions for  power  transistors. 


3  .    MATERIALS  CHARACTERIZATION 
BY    ELECTRICAL  METHODS 


3.1.    Four-Probe  Method 

An  extensive  matrix  experiment  was  carried 
out  to  examine  the  conditions  under  which 
the  sheet  resistance  of  very  thin  junction- 
isolated  silicon  layers  (0.2  to  1.5  ym  thick) 
could  be  measured  reliably  by  the  four-probe 
method.     The  experiment  was  undertaken  be- 
cause of  the  wide  variations  in  sheet  resis- 
tance values  reported  in  a  pilot  study  con- 
ducted under  the  auspices  of  ASTM  Committee 
F-1  on  Electronics. 

In  the  pilot  study,  sets  of  four  wafers  were 
measured  by  NBS  and  by  another  of  the  six 
other  participating  laboratories.     Each  set 
contained  one  diffused,  one  polysilicon, 
and  two  implanted  specimens  selected  from 
those  listed  in  table  1.    All  layers  were 
prepared  on  opposite  type  substrates  and  had 
sheet  resistance,  R^,  in  the  range  4  to 

1100  Q/O  and  thickness  in  the  range  0.2  to 
2  ym.     Each  laboratory  used,  and  reported, 
the  test  conditions  it  considered  to  be  best 
suited  for  the  measurements.     Current  levels 
chosen  were  generally  based  on  those  speci- 
fied for  measurements  on  thicker  epitaxial 
layers  [1],  and  a  wide  variety  of  probe  tip 
radii  and  loads  were  utilized.     These  ranged 
from  4-mil  (0.1-mm)  radius  tips  loaded  with 
50  to  175  g  to  1.6-mil  (0.04-mm)  radius  tips 
loaded  with  50  gf  (0.49N).     The  degree  of  re- 
producibility can  be  estimated  roughly  from 


the  pooled  relative  sample  standard  devia- 
tions listed  in  the  last  two  columns  of  table 
1.     Each  specimen  was  measured  twice,  once  by 
NBS  and  once  by  another  laboratory.     In  some 
cases  the  several  specimens  of  a  given  type 
were  similar  enough  that  they  could  be  char- 
acterized by  a  single  mean  and  standard  devi- 
ation; in  these  cases  the  relative  sample 
standard  deviation,  s,  listed  in  column  A, 
was  found  from  the  usual  formula 


s  = 


100 


2n 

z 

i  =  l 


x) 


where  2n  is  the  number  of  measurements,  x.  is 

the  i th  measured  value  of  sheet  resistance, 
and  x"  is  the  average  sheet  resistance.  In 
other  cases  the  specimens  could  not  be  char- 
acterized by  a  single  mean  and  standard  devi- 
ation; in  these  cases  s,  listed  in  column  B, 
was  found  from 


s  = 


j  =  l 


where  n  is  the  number  of  specimens  and  s .  is 

J 

the  relative  sample  standard  deviation  asso- 
ciated with  a  pair  of  measurements  on  the  j th 
specimen.     Since  the  various  specimens  were 


Table  1  -  Results  of  Four-Probe  Pilot  Study  on  Thin  Layers 


Specimen  Type 

Nominal 
Layer 
Thickness , 
ym 

Nominal 
Sheet 
Resistance, 

Number 
of 

Specimens 

Pooled  Relative 
Sample  Standard 
Deviation,  % 

A  B 

n-type  polysilicon 

0.3 

1000 

3 

1  .4 

p-type  polysilicon 

0.3 

250 

3 

0.9 

n-type  diffusion 

2.0 

4 

3 

2.5 

1.9 

p-type  diffusion 

1.0 

300 

3 

3.6 

3.6 

p-type  implant 

0.2 

250 

2 

2.0 

2.0 

p-type  implant 

1.5 

750 

2 

32 

39 

p-type  implant 

0.2 

1000 

2 

11 

11.5 

n-type  implant 

0.2 

350 

2 

53 

73 

n-type  implant 

1.5 

600 

2 

2.0 

n-type  implant 

0.2 

1100 

2 

7.3 
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Table  2  —  Test  Specimens  for  Four-Probe  Matrix  Experiment 


Specimen 

Layer  Type 

Dopant 

Nominal 

1  11  1  L.f\flfc:bb  )  pin 

Nominal  Sheet 

Ktrb  1  b  LariLc  )  io/LJ 

1 

Diffusion 

Boron 

1 

270 

2 

Epitaxy 

Arsenic 

1.5 

3600 

3 

Epitaxy 

Boron 

1.5 

3100 

4 

Implant 

Boron 

1.5 

850 

5 

Implant 

Boron 

0.2 

1150 

6 

Implant 

Phosphorus 

0.2 

350 

7 

Implant 

Phosphorus 

0.2 

1250 

Table  3  —  Characteristics  of  Probes  Used  in  Matrix  Experiment 


Probe 

Probe  Material 

Probe  Tip 
Shape 

Probe 
Radius,  in.  (mm) 

Probe  Loads  Used,  gf  (Nl 

A 

Tungsten  Carbide 

Round 

0.002 

(0.05) 

15,30,45  (0.15,0.29,0.4 

B 

Tungsten  Carbide 

Round 

0.004 

(0.10) 

30,60,90,150  (0.29,0.55 
0.88,1.47) 

C 

Tungsten  Carbide 

Flat 

0.001 

(0.02) 

30  (0.29) 

D 

Tungsten  Carbide 

Flat 

0.002 

(0.05) 

30  (0.29)  i 

E 

Tungsten  Carbide 

Flat 

0.0035 

(0.09) 

30  (0.29) 

F 

Tungsten  Carbide 

Flat 

0.05 

(1.3) 

30  (0.29) 

G 

Osmium 

Round 

0.002 

(0.05) 

18,30,45  (0.18,0.29,0.' 

H 

Osmium  (current) 

Tungsten  Carbide  (voltage) 

Round 
Round 

0.004 
0.004 

(0.10) 
(0.10) 

30,60,90  (0.29,0.59,0.! 

I 

Osmium  (current) 

Tungsten  Carbide  (Voltage) 

Round 
Round 

0.002 
0.004 

(0.05) 
(0.10) 

30,90  (0.29,0.88) 

J 

Osmium  (voltage) 

Tungsten  Carbide  (current) 

Round 
Round 

0.002 
0.004 

(0.05) 
(0.10) 

30,90  (0.29,0.88) 

Lapped  flat,  2.6-mi1  (65-iJm)  radius 
circle;  magnification:  '^JSx-- 


a.     As  supplied,  ^-mil    (lOO-ym)   radius  of 
sphere;  magnification:  '^75x. 


b. 


Figure  1.     Photomicrographs  of  typical   tungsten  carbide  probe  tips. 
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not  exposed  to  the  same  set  of  probe  condi- 
tions, it  is  not  possible  to  draw  firm  con- 
clusions regarding  the  relative  sensitivity 
of  wafer  types  to  various  measurement  condi- 
tions . 

For  the  matrix  experiment,  a  set  of  specimens 
representative  of  various  layer  characteris- 
tics —  method  of  fabrication,  thickness,  and 
sheet  resistance  —  was  selected  from  avail- 
able stock;  the  properties  of  the  specimens 
used  are  listed  in  table  2.     In  each  case  the 
substrates  were  of  opposite  type  with  room- 
temperature  resistivity  in  the  range  0.5  to 
5  fi'cm.     Because  the  initial  screening  showed 
that  the  several  available  wafers  of  any  one 
layer  type,  thickness,  and  sheet  resistance 
combination  were  not  in  general  good  enough 
replicates  (2  percent  or  less  variation  in 
sheet  resistance) ,  it  was  decided  to  use  only 
one  wafer  of  each  type  to  generate  the  com- 
parison of  the  various  measurement  conditions. 

The  principal  intent  of  the  study  was  to 
identify  as  wide  a  range  of  measurement  con- 
ditions as  possible  for  which  valid  results 
could  be  obtained  in  order  to  make  any  re- 
sulting recommended  procedures  applicable  to 
as  wide  a  variety  of  commercial  resistivity 
test  sets  as  possible,  as  well  as  to  identify 
a  safe  guard  band  to  allow  for  degradation  of 
equipment  as  commonly  experienced  in  a  pro- 
duction environment.     A  secondary  purpose  was 
to  provide  a  basis  for  unifying,  where  possi- 
ble, the  several  differing  sets  of  conditions 
recommended  for  use  in  making  sheet  resis- 
tance and  resistivity  measurements  by  the 
four-probe  method  [1,2]. 

Table  3  lists  the  characteristics  of  the 
probes  used  in  the  study.     Some  probes  were 
used  exactly  as  bought,  with  a  hemispherical 
tip  at  the  end  of  the  stylus  as  shown  on  the 
left  in  figure  1.     For  this  case,  the  size 
given  is  the  radius  of  the  tip.     Other  probes 
started  with  a  hemispherical  tip,  but  were 
lapped  flat  prior  to  use  as  shown  on  the 
right  in  figure  1.     For  these  probes  the  size 
given  is  the  radius  of  the  flatted  probe  tip. 
Blunted  probes  were  included  in  the  study 
because  they  were  expected  to  minimize  stress 
concentration  in  the  silicon  under  the  probe. 
Such  stresses  appear  to  be  responsible  for 
junction  leakage  to  the  substrate,  particular- 
ly in  thin  epitaxial  wafers.     The  risk  en- 
tailed with  blunted  probes  is  that  the  con- 
tact resistance  to  the  specimen  may  become  un- 
desirably large,  due,  for  example,  to  stray 
dirt  accumulating  under  a  probe  tip  or  to  a 
surface  oxide  film.     Such  contamination  ap- 
pears, in  general,  to  be  less  easily  pene- 


trated with  a  flatted  than  with  a  rounded 
probe  tip.     Except  for  the  bottom  three  sets 
in  the  table,  all  four  probes  in  a  given  set 
were  identical.     Probe  loads  used  in  the 
study  are  also  listed  in  the  table. 

To  establish  a  baseline,  measurements  were 
made  for  each  measurement  condition  using  a 
value  of  current  which  provided  a  voltage  of 
10  to  15  mV  between  the  inner  probes  of  the 
four-probe  array;  this  is  a  somewhat  more  re- 
strictive condition  than  that  recommended  in 
the  standard  method  [1].     In  general,  mea- 
surements made  at  currents  one-tenth  of  this 
nominal  value  yielded  sheet  resistance  values 
which  were  the  same  as  those  made  with  the 
baseline  current  within  the  estimated  measure 
ment  error  of  1  percent.     Except  in  a  few 
cases,  measurements  made  at  currents  five 
times  this  nominal  value  also  yielded  the 
same  sheet  resistance  value. 

To  compare  measurements  made  under  various 
conditions,  six  measurements  were  made  for 
each  case  using  the  nominal  value  of  current. 
For  each  specimen,  the  correct  sheet  resis- 
tance value  was  taken  as  the  highest  stable 
reading.     Excessive  leakage  to  the  substrate, 
which  occurred  when  sharp  points  or  large 
loads  were  used,  caused  the  measured  sheet 
resistance  to  be  smaller  than  the  correct  val 
ue.     Use  of  lightly  loaded,  blunt  tips  fre-  . 
quently  resulted  in  erratic  contacts  which 
caused  an  increase  in  the  variability  of  a 
six-measurement  data  set.     Typically  a  good 
set  of  data  had  a  relative  sample  standard 
deviation  less  than  1  percent. 

The  results  of  these  experiments  suggest  that 
one  should  use  hemispherical  or  flatted 
probes  with  a  radius  of  at  least  0.004  in. 
(0.1  mm)  with  a  load  in  the  range  30  to  80  gf 
(0.29  to  0.78  N) .     Although  current  levels 
to  provide  a  voltage  of  10  to  20  mV  between 
the  inner  probes  are  preferred ,  the  current 
levels  specified  in  the  standard  method  [1] 
are  also  satisfactory.     An  interlaboratory 
test  to  verify  these  conclusions  is  now  being 
conducted  in  cooperation  with  Committee  F-1. 

(J.  R.  Ehrstein  and  D.  R.  Ricks) 

3.2.    Spreading  Resistance 

Experiments  to  determine  the  effect  of  speci- 
men surface  preparation  and  probe  material 
on  the  empirical  relation  between  silicon  re- 
sistivity, p,  and  spreading  resistance,  ^^^^ 

(NBS  Spec.  Publ.  400-25,  pp.  8-12)  were  con- 
tinued with  the  study  of  surfaces  mechani- 
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Figure  2.     Ratio  of  spreading  resistance,  Rjp,  to  resistivity,  p,  as  a  function  of  resistiv 
ity  as  measured  with  a  variety  of  probe  tips  on  (111)  n-type  silicon  surfaces  mechanically 
polished  with  0.5-ym  alumina  in  aqueous  slurry.     (1:  tungsten-ruthenium  alloy;  2:  tungsten 
carbide;  3:  osmium;  k:   relatively  sharp  osmium-tungsten  alloy;  5:   relatively  blunt  osmium- 
tungsten  a  1  1  oy . ) 
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Figure  3-  Ratio  of  spreading  resistance,  R^p,  to  resistivity,  p,  as  a  function  of  resistiv 
ity  as  measured  with  relatively  sharp  osmium-tungsten  alloy  probe  tips  on  (100)  n-type  sili 
con  surfaces  prepared  in  various  ways.  (Circles:  lapped  with  5-pm  alumina;  squares:  chem- 
mechanically  polished  with  silica  sol;  triangles:  mechanically  polished  with  0.3~yrn  alumina 
in  nonaqueous  slurry;  diamonds:  mechanically  polished  with  0.3-Mm  alumina  in  aqueous  slurry 
solid  points:  not  baked  out;  open  points:  baked  out.) 
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cally  polished  with  0.3-tJin  alumina  in  an 
aqueous  slurry.     Measurements  were  made  both 
immediately  after  polishing  and  after  a  sub- 
sequent bakeout  in  room  air  at  160°C  for 
20  min. 

Results  obtained  on  the  specimen  block  with 
(111)  p-type  surfaces  were  very  similar  to 
those  obtained  previously  on  either  of  the 
types  of  chem-mechanically  polished  surfaces 
[3],  silica  sol  [4]  or  zirconium  silicate 
[5].     The  spreading  resistance  response  was 
very  erratic  for  freshly  prepared  surfaces 
of  specimens  with  resistivity  greater  than 
0.2  n-cm,  but  a  very  stable,  nearly  linear 
relationship  between  resistivity  and  spread- 
ing resistance  was  obtained  after  bakeout. 

On  the  specimen  block  with  (111)  n-type  sur- 
faces, the  data  obtained  on  the  mechanically 
polished  surfaces  were  unlike  those  obtained 
j    on  either  lapped  or  chem-mechanically  pol- 
1    ished  surfaces.     Prior  to  bakeout,  data 

taken  with  all  five  probes  exhibited  very  non- 
I    linear  p-R      relationships  as  shown  in  figure 
sp 

2a.     After  bakeout,  both  sets  of  osmium- 
tungsten  tips,  one  relatively  sharp,  one  rel- 
atively blunted  with  use,  showed  a  noticeably 
more  constant  ratio  between  spreading  resis- 
tance and  resistivity  than  did  the  other 
three  probes  shown  in  figure  2b.     This  probe 
material  dependence  was  not  seen  for  any  oth- 
er surface  orientation  or  finish. 

I 

On  the  specimen  block  with  (100)  n-type  sur- 
I    faces  the  response  obtained  on  the  mechanical- 
ly polished  surfaces  was  similar  to  that  on 
chem-mechanically  polished  surfaces.     This  is 
,    illustrated  in  figure  3  for  the  case  of  the 
I    relatively  sharp  osmium-tungsten  probes. 
■    Note  that  there  is  no  significant  difference 
I  between  data  taken  before  and  after  bakeout. 
1  Generally,  similar  results  were  obtained  with 
I  the  other  probes;  a  somewhat  more  linear  re- 
I  lationship  between  R      and  p  was  obtained 

P  with  the  relatively  blunt  osmium-tungsten 
probes.  (J.  R.  Ehrstein  and  D.  R.  Ricks) 

3.3.    Spreading  Resistance  Profiles 

As  a  preliminary  test  of  the  application  of 
a  simplified  calculational  procedure  for  cor- 
.  recting  spreading  resistance  data  on  layers 
I  with  nonuniform  resistivity  (NBS  Spec.  Publ. 
I  400-19,  p.  10),  the  dopant  profiles  of  two 
boron-diffused  layers  were  measured  both  by 
the  spreading  resistance  method  [6,7]  and  by 
the  incremental  sheet  resistance  method  [8] 
and  compared. 


As  previously  described  (NBS  Spec.  Publ.  400- 
19,  p.  10),  the  diffused  layers  had  a  boron 
surface  density  slightly  less  than  10^^  cm~^ 
and  nominal  junction  depths  of  1  and  2  ym. 
The  incremental  sheet  resistance  measurements 
were  made  by  repetitively  anodically  oxidiz- 
ing the  specimen  surface,  stripping  the  oxide, 
and  measuring  the  sheet  resistance  by  the 
four-probe  method  [1].     The  specimens  mea- 
sured were  1-in.   (25-min)  diameter  disks,  ul- 
trasonically  machined  from  the  center  of  each 
wafer.     Prior  to  anodization,  the  disks  were 
cleaned  first  in  a  mixture  of  approximately 
5  parts  (by  volume)  deionized  water,  1  part 
hydrogen  peroxide,  and  1  part  ammonium  hydrox- 
ide; then  in  a  mixture  of  approximately  6 
parts  deionized  water,  1  part  hydrogen  perox- 
ide, and  1  part  concentrated  hydrochloric  ac- 
id; rinsed  in  deionized  water;  and  dried  in 
air  [9]. 

The  anodizing  solution  was  made  up  by  dissolv- 
ing 3.86  g  of  potassium  nitrate  in  19.5  ml  of 
deionized  water  and  adding  946  ml  of  reagent- 
grade  ethylene  glycol  which  yields  a  0.04  mol- 
al  solution  of  potassium  nitrate  with  2  per- 
cent water.     During  anodization  the  back  side 
of  the  disk  is  held  against  a  carbon  block 
electrode  by  means  of  a  vacuum  through  a  tube 
which  surrounds  the  electrode.     The  disk  was 
lowered  face  down  into  the  anodizing  solution 
which  was  contained  in  a  glass  beaker;  a  sec- 
ond tube  around  the  electrode  supplied  a  down- 
draft  of  nitrogen  to  keep  the  dielectric  so- 
lution from  creeping  over  the  lip  and  oxidiz- 
ing the  back  side  of  the  disk. 

A  constant  current,  about  10  mA/cra^ ,  was 
passed  through  the  disk;  the  positive  elec- 
trode was  a  platinum  wire  spiral  at  the  bot- 
tom of  the  beaker.     To  reduce  forward  resis- 
tance, the  junction  was  illuminated  by  a  500- 
W  projection  lamp  aimed  through  the  side  of 
the  beaker.     To  offset  the  heating  effect  of 
the  projection  lamp,  the  anodizing  solution 
was  continually  pumped  through  tubing  resting 
in  an  ice  bath.     Upon  returning  to  the  main 
beaker,  the  solution  was  directed  at  the  cen- 
ter of  the  wafer  front  surface  through  a  noz- 
zle about  1/8  in.    (3.2  mm)  in  diameter  about 
1  in.   (25  mm)  away  from  the  surface.  The 
purpose  of  the  jet  was  to  clear  the  surface 
of  bubbles  and  to  provide  refreshed  solution 
at  the  wafer  surface. 

Current  was  supplied  until  the  current  sup- 
ply was  forced  to  provide  about  270  V  more 
than  the  turn-on  voltage.     The  oxide  thick- 
ness was  determined  from  the  measured  volt- 
age difference  using  a  calibration  curve  es- 
tablished empirically  with  the  use  of  ellip- 
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sometric  determination  of  oxide  thickness 
[10]  over  the  range  40  to  160  nm.  Typically 
the  thickness  of  the  oxide  layer  grown  was 
about  145  nm.     It  was  assumed  that  the  amount 
of  silicon  removed  was  0.44  times  the  oxide 
thickness  [11] . 

Following  each  oxide  growth  step,  the  wafer 
was  agitated  in  hydrofluoric  acid  for  about 
5  min  to  remove  the  oxide,  rinsed  in  a  flow- 
ing deionized  water  bath  for  about  10  min, 
and  blown  dry  with  nitrogen.     Sheet  resis- 
tance was  measured  with  a  collinear  four- 
probe  array  with  equally  spaced  probes,  with 
62-mil  (1.59-mm)  separation  and  tungsten  car- 
bide tips  lapped  flat  (see  sec.  3.1.)  to  give 
a  contact  radius  of  about  2  mils  (50  ym) . 
The  probes  were  loaded  with  a  force  of  30  gf 
(0.29  N)  each.     Sheet  resistance  was  measured 
over  20  to  25  increments,  converted  to  sheet 
conductance,  plotted  as  a  function  of  posi- 
tion, and  smoothed  graphically.     The  local 
slope  of  the  smoothed  sheet  conductance  curve 
was  calculated  at  40-nm  intervals  to  yield 
the  bulk  conductivity  as  a  function  of  posi- 
tion.    Bulk  conductivity  was  converted  to  net 
acceptor  density  on  the  basis  of  Wagner's  em- 
pirical relation  [12]. 


Spreading  resistance  measurements  were  made 
with  a  commercial  two-probe  instrument  (NBS 
Spec.  Publ.  400-25,  p.  9)  on  wafers  diffused 
at  the  same  time  as  the  replicate  wafer  mea- 
sured by  the  incremental  sheet  resistance 
method.     Chips  cut  from  the  wafer  were  bev- 
eled at  an  angle  of  0.50  deg  with  a  silica 
sol  solution  [4]  on  a  methyl  methacrylate 
plate.     Measurements  were  made  at  lateral  in- 
tervals of  5  pm  with  well  conditioned  osmium- 
tungsten  alloy  probes  loaded  with  a  force  of 
20  gf  (0.2  N)  and  spaced  50  pm  apart. 

Data  were  corrected  by  the  local  slope  method 
This  is  based  on  the  assumption  that,  from 
parallel  superposition  (NBS  Spec.  Publ.  400- 
19,  p.  10): 

ln(s/a)  dG(x) 
TT  dx  ' 


a(x)  = 


(1) 


where  a(x)  is  the  local  bulk  conductivity,  s 
is  the  probe  spacing,  a  is  the  effective  ra- 
dius of  probe  contact,  and  G(x)  is  the  con- 
ductance measured  at  a  distance  x  from  the 
insulating  back  surface  of  the  layer.  Equa- 
tion (1)  can  be  transformed  into 


p(x)  =  2a  R(x)/F, 


(2) 
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b.     Specimen  No.  2, 


Figure  k.     Dopant  density  profiles  in  boron-diffused  n-type  silicon  as  measured  by  the 
spreading  resistance  and  incremental   sheet  resistance  methods.     (P  and  N:  net  boron  and 
phosphorus  density,  respectively,  from  spreading  resistance  measurements,  corrected  by  the 
local   slope  method;  dashed  curves:  net  boron  density  from  incremental  sheet  resistance  mea- 
surements . ) 
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where  p(x)  =  l/a(x),  R(x)  =  1/G(x)  and 


3.4.    Photovoltaic  Method^ 


F  = 


2a  ln(s/a) 


d[lnR(x)] 
dx 


(3) 


where  now  x  is  the  depth  from  the  top  surface 
of  the  specimen. 

The  effective  contact  radius  was  determined 
from  measurements  on  a  block  of  15  homogene- 
ous specimens  (NBS  Spec.  Publ.  400-25,  p.  9) 
which  had  been  surfaced  in  the  same  way  as 
the  beveled  surface  of  the  diffused  wafers. 
For  homo|eneous  specimens  the  resistivity  is 
given  by 


p  =  2aR. 


(4) 


Since  both  R  and  p  are  known,  a  may  be  cal- 
culated as  a  function  of  R.  In  the  present 
case,  a  linear  relation  between  p  and  R  was 
found  and  a  constant  value  of  the  effective 
contact  radius  was  used. 

The  local  slope  of  the  InR(x)  vs.   x  curve  at 
the  ith  point  was  found  by  taking  the  differ- 
ence (logR._|_j   -  logR._p  and  multiplying  by 


the  factor  [lnlO/(x. 


end  of  the  curve,  differences  were  taken  be- 
tween adjacent  readings  and  the  interval  was 

taken  as  Ax  =  x. , ,   -  x..     The  correction  fac- 
1  +  1  I 

tor  F  was  computed  on  a  point-by-point  basis 
using  eq  (3),  and  the  resistivity  was  calcu- 
lated at  each  point  using  eq  (2) .     The  re- 
sistivity was  converted  into  net  acceptor 
density  on  the  basis  of  Wagner's  empirical 
relation  [12]. 

The  results  of  these  comparisons  are  shown 
in  figure  4.     The  relatively  close  agreement 
suggests  that  the  parallel  superposition  ap- 
proach is  quite  accurate  on  this  type  of 
structure.     One  reason  for  some  of  the  dis- 
crepancy near  the  surface  on  both  specimens 
may  be  a  bevel-rounding  effect.     It  was  as- 
sumed for  the  calculations  that  each  succes- 
sive point  was  a  constant  distance  further 
below  the  original  surface,  but  slight  round- 
ing of  the  bevel  at  its  apex  makes  this  a 
, poor  assumption  for  the  first  few  points  on 
the  profile.     Extensive  additional  compari- 
sons will  be  required  before  conclusions  can 
be  drawn  regarding  the  range  of  validity  of 
this  approach  for  determining  correction 
factors.  (J.  R.  Ehrstein, 

F.  H.  Brewer,  and  D.  H.  Dickey"'") 
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Interest  in  a  rapid,  nondestructive  method 
for  measuring  resistivity  uniformity  of  sili- 
con slices  has  been  rekindled  because  of  the 
importance  of  this  parameter  in  determining 
the  characteristics  and  the  perform.ance  of 
high-power  semiconductor  devices.  Variations 
in  the  resistivity  of  a  slice  of  starting  ma- 
terial not  only  cause  variations  in  the  char- 
acteristics of  devices  fabricated  from  that 
slice,  but  can  also  contribute  to  poor  yields 
in  the  manufacturing  process  and  adversely  af- 
fect the  reliability  of  finished  devices. 
For  instance,  poor  junction  geometry  and  non- 
uniform current  distributions  are  frequent 
in  devices  fabricated  from  inhomogeneous  mate- 
rial.    Also,  localized  regions  of  low  resistiv- 
ity limit  the  ultimate  device  operating  volt- 
age to  a  value  below  that  possible  from  the 
remainder  of  the  device. 

The  feasibility  of  utilizing  the  bulk  photo- 
voltaic effect  [13]  for  measuring  resistivity 
variations  along  the  diameter  of  a  circular 
silicon  slice  has  been  demonstrated  [14]. 
The  technique  was  shown  to  be  nondestructive 
in  that  no  contact  is  required  with  the  sur- 
face area  on  which  devices  are  to  be  fabrica- 
ted and  to  have  better  spatial  resolution 
than  the  widely  used  four-probe  method  [15, 
16].     However,  to  take  advantage  of  the  po- 
tential speed  of  this  scanning  technique  it 
is  necessary  to  automate  the  data  collection 
and  analysis  procedures.     Further,  improve- 
ments in  slice  mounting  and  contacting  are 
necessary  to  facilitate  rapid  exchange  of 
specimens,  and  comparison  of  the  spatial  res- 
olution with  that  of  the  spreading  resistance 
method  [6,7]  is  desirable. 

The  present  task  was  undertaken  to  refine  and 
automate  the  method  and  to  compare  its  reso- 
lution with  that  of  the  spreading  resistance 
method.     A  new  specimen  holder,  illustrated 
in  figures  5a  and  5b,  was  designed  to  accom- 
modate 2-in.    (51-mm)  diameter  slices.  This 


t, 


Note  that  in  the  limit  of  uniform,  thick 
specimens  eq  (2)  does  not  yield  eq  (U); 
this  is  because  eq  (2)  is  appropriate  only 
for  very  thin  layers  with  insulated  back 
surfaces . 

Work  performed  at  Solecon  Laboratories  under 
NBS  Contract  No.  5-35881. 

Principally  funded  by  the  Energy  Research 
and  Development  Administration,  Division  of 
Electric  Energy  Systems. 
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Block  diagram. 


A 

Adjustment  ring 

B 

BCD  input 

C 

Stepp ing-motor  controller 

E 

Knife-edge  holder  (k) 

H 

Specimen  holder  base 

N 

1 

Pin  (if) 

P 

J 

Lever  (k) 

R 

K 

Knife  edges   (2  in  each  holder) 

S 

L 

Motor-driven  linear  stage 

T 

M 

Mi  rror 

W 

Locking  adjustment  knob 
Pivot  (k) 

Motor-driven  rotary  stage 
Double-pole,  double-throw  switch 
Guide  notch  (k) 
S 1 i ce  under  test 

Figure  5.  Prototype  automated  data  collection  and  analysis  system  for  resistivity  profiling 
of  circular  silicon  slices  by  the  scanning  photovoltaic  method. 
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'   holder  centers  the  slice  with  sufficient  ac- 
curacy for  the  measurement.     Each  knife  edge, 
K,  has  a  single  leaf  spring  behind  it  which 
permits  enough  freedom  of  movement  to  allow 
each  to  make  contact  with  the  circumference 
of  the  slice,  W,  at  the  same  time.     The  four 
knife-edge  holders,  E,  each  holding  two  knife 
edges,  move  in  concert  at  the  ends  of  the  lev- 
ers, J.     The  levers  are  each  pivoted  at 
points,  P,  at  90-deg  intervals  from  one  an- 
other on  the  circumference  of  a  common  circle. 
As  the  adjustment  ring.  A,  is  moved  by  means 
of  the  locking  knob,  N,  the  pin,  I,  rides  in 
a  notch,  T,  of  each  lever  which  forces  the 

I   four  holders  in  or  out  together.     Note  that 
the  knife-edge  holders  do  not  rotate  at  the 
ends  of  the  levers.     Thus,  the  four  knife 
edges  do  not  strike  the  wafer  exactly  at  the 
ends  of  perpendicular  diameters  for  slices  of 
all  diameters;  however,  the  variation  about 
the  design  slice  diameter  permitted  by  the 
SEMI  specifications  [17]  is  small  enough  that 
the  locations  at  which  the  knife  edges  make 
contact  do  not  change  enough  to  affect  the 
measurements  significantly. 

An  automated  data  collection  and  analysis  sys- 
tem was  designed  and  assembled.     A  block  dia- 
gram of  this  system  is  shown  in  figure  5c. 
The  slice  under  test,  W,  is  mounted  in  the 
holder,  H,  described  above.     For  clarity, 
only  two  of  the  knife  edges,  K,  are  shown  at 
opposite  ends  of  a  diameter.     The  holder  is 
oriented  on  two  stages  so  that  the  slice  is 
concentric  with  the  platform  of  the  rotary 
stage,  R,  and  so  that  the  movement  of  the 
linear  stage,  L,  is  parallel  to  one  of  the 
diameters  determined  by  the  knife  edges.  The 
rotary  stage  has  a  rotational  resolution  of 
2  min  of  arc  and  bidirectional  rotational  re- 
peatability of  0.2  min  of  arc.     The  linear 
stage  has  a  total  travel  of  85  mm,  a  linear 
resolution  of  10  pm,  and  bidirectional  linear 
repeatability  of  5  ym. 

Photo-excitation  at  a  wavelength  of  1.15  ym 
is  furnished  by  a  2-mW  helium-neon  laser, 
which  is  mounted  horizontally.     The  laser 
beam  is  directed  to  the  center  of  the  rotary 
stage  by  a  mirror,  M.     The  slice  is  scanned 
by  moving  the  stage  along  a  slice  diameter 
under  the  stationary  laser  beam.     The  control 
card,  C,  for  the  stepping-motor  in  the  multi- 
programmer,  operating  under  the  direction  of 
the  calculator /controller ,  generates  a  pulse 
train  of  the  appropriate  length  to  move  the 
stage  the  desired  number  of  10-pm  steps  in 
either  direction;  the  pulse  train  is  supplied 
to  the  motor  windings  through  the  selector 
switch,  S,  and  the  translator.  End-point 
protection  is  provided  by  microswitches  and 


appropriate  relays  at  both  ends  of  the  stage 
travel. 

During  the  first  scan,  the  photovoltage  is 
measured  at  predetermined  points  along  the 
diameter.     To  improve  the  signal-to-noise 
ratio,  the  beam  is  chopped  and  the  photovolt- 
age is  measured  by  a  lock-in  amplifier  which 
is  synchronized  to  the  frequency  of  the 
chopped  light  beam.     The  chopping  frequency 
is  adjusted  so  that  the  on  time  of  the  laser 
beam  is  long  enough  to  achieve  a  steady-state 
excess-carrier  distribution.     Following  the 
first  scan,  a  second  scan  along  the  same  di- 
ameter is  made;  during  this  scan  the  photo- 
conductivity is  measured  at  the  same  points 
along  the  diameter  as  before.     This  measure- 
ment requires  that  a  small  current  be  passed 
along  the  diameter  of  the  slice  (using  one 
pair  of  knife  edges)  while  the  potential  drop 
across  the  diameter  is  measured  as  a  function 
of  light  position  (using  the  other  pair  of 
knife  edges).     The  calculator/controller, 
which  together  with  its  associated  multipro 
grammer  and  printer/plotter  is  compatible 
with  standard  interface  requirements  [18],  re- 
cords the  data,  performs  the  calculations  re- 
quired to  obtain  the  resistivity,  and  plots 
the  results.     After  measurements  along  the 
first  diameter  are  completed,  the  wafer  can 
be  rotated  90  deg  and  the  measurements  re- 
peated.        (G.  J.  Rogers  and  D.  L.  Blackburn) 


3.5.    Reevaluation  of  Irvin's  Curves 

Additional  room-temperature  resistivity  and 
dopant  density  measurements  were  made  on  sili- 
con wafers  doped  with  phosphorus  as  part  of 
the  continuing  experimental  redetermination 
of  the  resistivity-dopant  density  relation 
first  reported  by  Irvin  [19].     In  addition, 
initial  measurements  were  made  on  silicon  wa- 
fers doped  with  boron. 

The  measurements  were  made  on  test  structures 
included  in  test  pattern  NBS-3  [20].  Dopant 
density  values  were  obtained  from  measure- 
ments on  structure  3.10,  base-collector  diode 
(NBS  Spec.  Publ.  400-17,  pp.  27-28),  by  the 
junction  capacitance-voltage  (C-V)  method. 
The  gate  on  the  structure  was  biased  at  the 
flat-band  voltage  as  determined  from  measure- 
ments on  structure  3.8,  MOS  capacitor  over 
collector  (NBS  Spec.  Publ.  400-17,  pp.  26-27). 
Instead  of  calculating  discrete  dopant  den- 
sity values  from  the  C-V  data  as  has  been 
done  previously  (NBS  Tech  Note  788,  pp.  9-11), 
a  new  data  reduction  procedure  was  developed 
in  which  a  Gaussian  shape  is  assumed  for  the 
base  diffusion  near  the  junction  and  the  sur- 
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Table  4  —  Preliminary  Electron  Mobility  Data  for  Phosphorus- 
Doped  Silicon  at  300  K 


Wafer  No. 

No.  of 

p, 
Q  •  cm 

N 

cm" 

•3 

cm^/V 

•  5 

B38Ph-l 

6 

31 .3 

1 

4^ 

IQi'* 

1409  ± 

69 

B12Ph-l 

10 

13.5 

3. 

34 

101'+ 

1392  ± 

70 

D2.4Ph-l 

8 

2.46 

1 

93 

X 

10^5 

1314  ± 

33 

A2.0Ph-2 

4 

2.14^ 

2 

25 

X 

1015 

1300  ± 

47 

Bl .4Ph-3 

7 

1 .36 

3 

57 

X 

1015 

1295  + 

87 

Al .OPh-1 

4 

1 .05 

4 

78 

X 

1015 

1240  ± 

24 

B0.77Ph-l 

6 

0.801 

6 

36 

X 

1015 

1227  ± 

33 

B0.47Ph-l 

8 

0.504 

1 

08 

X 

1016 

1156  ± 

51 

A0.27Ph-2 

4 

0.278 

2 

13 

X 

1016 

1052  ± 

29 

B0.099Ph-l 

4 

0.101^ 

7 

59 

X 

1016 

815  ± 

9 

B0.051Ph-2 

4 

0.052^ 

2 

17 

X 

1017 

556  ± 

25 

B0.050Ph-l 

4 

0.051 

2 

25 

X 

10^7 

544  ± 

7 

A0.022Ph-2 

4 

0.022^ 

1 

17 

X 

1018 

248  ± 

4 

Resistivity  as  measured  by  mechanical  four-probe  array 
before  processing. 


Table  5  —  Preliminary  Hole  Mobility  Data  for  Boron-Doped 
Silicon  at  300  K 


Wafer  No. 

No.  of 

diodes 

P , 

n-cm 

N 

cm 

-3 

V, 

cmVV 

s 

A12B-1 

4 

11.5 

1 

18  X 

1015 

457  ± 

7 

B5.7B-3 

4 

5.85^ 

2. 

42  X 

1015 

440  ± 

3 

Bl .18-3 

4 

1.16 

1 

29  X 

1016 

415  ± 

8 

B0.72B-3 

5 

0.72 

2 

22  X 

1016 

391  ± 

14 

D0.58B-2 

6 

0.587 

2 

92  X 

1016 

364  ± 

2 

B0.090B-2 

7 

0.0903 

3 

40  X 

1017 

204  ± 

3 

Resistivity  as  measured  by  mechanical  four-probe  array 
before  processing. 
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face  concentration  of  the  diffusion  and  the 
background  dopant  density  are  adjusted  to 
give  a  best  fit  to  all  the  C-V  data.  This 
procedure  has  made  it  possible  to  obtain  re- 
sults on  wafers  with  dopant  densities  greater 
than  10^^  cm"^  which  could  not  be  measured  by 
the  previous  approach. 

The  bulk  resistivity  of  the  wafers  was  deter- 
mined from  measurements  on  structure  3.17, 
four-probe  collector  resistor  (NBS  Spec.  Publ. 
400-17,  pp.  25-26)   [21].     For  a  few  wafers, 
the  resistivity  used  for  calculating  mobility 
was  that  determined  prior  to  processing  by 
mechanical  four-probe  measurements  [2]. 
These  were  either  wafers  for  which  the  emit- 
ter diffusion  was  omitted  in  order  to  obtain 
a  shallow  base  junction  depth  or  wafers  pro- 
cessed with  the  large-pipe  base  mask  which 
introduced  a  significant  uncertainty  in  the 
pipe  spacing  [21]. 

The  carrier  mobility,  p,  was  calculated  from 

U  =  (Nqp)~l,  (5) 

where  N  is  the  carrier,  or  net  dopant,  densi- 
ty, q  is  the  electronic  charge,  and  p  is  the 
resistivity  corrected  to  300  K.     To  minimize 
the  influence  of  resistivity  variations  over 
the  wafer  the  average  of  the  resistivities 
measured  on  the  two  collector  resistors^  on 
either  side  of  the  diode  used  to  determine  N 
was  used  for  p  in  eq  (5).     The  procedure  was 
repeated  for  a  number  of  good  diodes  in  the 
same  general  area  of  the  wafer,  usually  near 
the  center,  to  arrive  at  an  average  mobility 
as  listed  in  tables  4  and  5.     The  uncertainty 
in  the  mobility  for  each  wafer  is  the  sample 
standard  deviation  calculated  from  the  indi- 
vidual mobility  values.     Table  4  contains  re- 
vised electron  mobility  values  based  on  re- 
peated and  additional  measurements  for  wafers 
reported  on  previously  (NBS  Spec.  Publ.  400- 
19,  p.  25).     In  general  the  electron  mobility 
values  lie  above  those  which  would  be  pre- 
dicted using  the  Caughey-Thomas  fit  [22]  to 
Irvin's  data  (see  sec.  3.6.),  and  the  hole 
mobility  values  lie  below  those  which  would 
be  predicted  using  Wagner's  empirical  rela- 
tion [12].  (W.  R.  Thurber,  R.  L.  Mattis , 
Y.  M.  Liu,  M.  L.  Doggett,  and  M.  G.  Buehler) 


3.6.    Electron  Mobility  in  Phosphorus-Doped 
Si  1  icon 

;|  Traditional  analysis  of  electron  mobility  in 
] n-type  silicon  has  neglected  the  effects  of 
electron-electron  scattering  and  scattering 
anisotropy  in  the  mobility  calculations.  As 


a  result,  theory  fails  to  conform  with  experi 
ment  when  dopant  density  exceeds  2  x  10^^ 
cm~3   (NBS  Tech.  Note  806,  pp.   20-23).  By 
incorporating  these  effects ,  good  agreement 
between  theory  and  experiment  for  both  elec- 
tron mobility  and  resistivity  was  obtained 
for  phosphorus-doped  silicon  slices  with  dop- 
ant density  from  lO^"*  to  3  x  10^^  cm~^  over 
the  temperature  range  100  to  500  K  [23,24]. 

Initially  the  lattice  mobility,  taken  from 
the  work  of  Norton  et  at.    [25],  was  combined 
with  the  ionized  impurity  mobility,  as  calcu- 
lated by  Long  [26],  according  to  the  sine- 
and-cosine-integral  method  [27]  to  obtain  the 
mixed  scattering  mobility.     This  was  combined 
reciprocally  with  the  neutral  impurity  mobil- 
ity, as  calculated  by  Sclar  [28],  to  obtain 
the  total  electron  mobility.     The  mobility 
calculated  in  this  way  for  300  K  is  shown  as 
curve  1  of  figure  6.     For  comparison,  the 
Caughey-Thomas  fit  [22]  to  Irvin's  data  [19] 
is  shown  as  curve  2  and  more  recent  experi- 
mental results  are  shown  as  data  points ;  the 
solid  dots  are  taken  from  the  mobility  data 
of  Mousty  et  al.    [29]  and  Baccarani  and  Os- 
toja  [30],  corrected  to  300  K,  and  the  open 
circles  are  NBS  data  obtained  on  processed 
phosphorus-doped  silicon  wafers  (see  sec. 
3.5.). 


It  can  be  seen  that  the  calculated  result 
fits  the  more  recent  experimental  data  for 
dopant  density  less  than  2  x  10^^  cm~^.  How- 
ever, at  higher  dopant  density,  the  calcu- 
lated curve  is  higher  than  the  experimental 
data. 

While  electron-electron  scattering  does  not 
affect  the  current  density  directly  since  it 
cannot  alter  the  total  momentum,  it  tends  to 
randomize  the  way  in  which  this  total  momen- 
tum is  distributed  among  electrons  with  dif- 
ferent energy.     When  the  scattering  mechan- 
ism is  such  as  to  lead  to  a  nonuniform  dis- 
tribution, electron-electron  scattering  gives 
rise  to  a  net  transfer  of  momentum  from  elec- 
trons which  dissipate  momentum  less  effi- 
ciently to  those  which  dissipate  momentum 
more  efficiently,  resulting  in  an  overall 
greater  rate  of  momentum  transfer  and  lower 
mobility.     The  size  of  the  effect  of  electron 
electron  scattering  on  the  mobility  is  a  func 
tion  of  the  energy  dependence  of  the  relaxa- 


When  the  resistivity  was  measured  by  means 
of  a  mechanical  four-probe  array,  the  re- 
sistivity value  for  the  location  was  based 
on  radial  profiles  along  two  diameters  of 
the  wafer. 
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Figure  6.     Conductivity  mobility  of  electrons 
at  300  K  as  a  function  of  total  donor  density 
for  phosphorus-doped  silicon.     (Curve  1:  The- 
oretical, not  including  electron-electron 
scattering;  Curve  2:  Caughey  and  Thomas  repre- 
sentation of  Irvin's  curve  [22];  Curve  3'  The- 
oretical,  including  maximum  electron-electron 
scattering  over  entire  range;  Curve  h:  The- 
oretical, including  electron-electron  scat- 
tering in  intermediate  and  high  dopant  den- 
sity ranges;  open  data  points:  experimental, 
this  work;  solid  data  points:  experimental 
[29,30].) 


100   150   200   250   300   350   400   450  500 
TEMPERATURE  (K) 

Figure  J.     Resistivity  as  a  function  of  tem- 
perature for  seven  phosphorus-doped  silicon 
slices.     (Solid  points  are  measured  values 
and  curves  are  calculated  assuming  the  phos- 


phorus density, 
curves . ) 


D' 


as  indicated  on  the 


10'*        10'=         10'i=         10'^  10" 
TOTAL  DONOR  DENSITY  Icm-M 


Figu.re  8.     Resistivity  of  phosphorus-doped 
silicon  at  300  K  as  a  function  of  total  donor 
density.     (Solid  curve:   this  work;  dashed 
curve:  from  Irvin  [19].) 
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tion  time.     Thus,  for  neutral  impurity  scat- 
tering where  the  relaxation  time  is  indepen- 
dent of  energy,  the  mobility  is  not  affected 
by  electron-electron  scattering.     Ionized  im- 
purity scattering  would  be  expected  to  be 
much  more  affected  than  lattice  scattering 
since  in  the  former  case  the  relaxation  time 
is  proportional  to  the  three-halves  power  of 
the  energy,  while  in  the  latter  it  is  in- 
versely proportional  to  the  square  root  of 
the  energy. 

From  the  work  of  Luong  and  Shaw  [31],  it  is 
found  that  electron-electron  scattering  re- 
duces the  ionized  impurity  mobility  in  uncom- 
pensated n-type  silicon  by  a  maximum  of  36.8 
percent  while,  from  other  published  work  [27, 
32],  it  can  be  shown  that  electron-electron 
scattering  reduces  the  lattice  scattering  mo- 
bility by  a  maximum  of  12  percent.  Using 
these  values,  the  electron  mobility  at  300  K 
was  calculated  as  above;   the  result  is  shown 
as  curve  3  in  figure  6.     This  agrees  well 
with  the  experimental  data  for  dopant  density 
above  about  2  x  10^''  cm~^.     In  the  intermedi- 
ate region,  for  dopant  density  between 
2  X  10^5  and  2  x  10 1^  ^m"^  it  was  assumed 
that  the  reduction  factor,  F,  for  both  ion- 
ized impurity  and  lattice  mobility  varies 
linearly  with  dopant  density 

F  =  F  N  _  I 

max  ]  .8x1017      9  ' 

where  F        =0.12  for  lattice  mobility  and 
max 

0.368  for  ionized  impurity  mobility.  With 
this  assumption,  and  assuming  F  =  0  for  do- 
pant density  less  than  2  x  10^^  cm~3  and 

F  =  F        for  dopant  density  greater  than 
max  ^ 

2  X  10^^  cm~^,  one  obtains  curve  4  in  figure 
6  for  the  electron  mobility  at  300  K.  This 
curve  agrees  with  the  experimental  data  to 
within  about  ±5  percent  over  the  entire  do- 
pant density  range  shown.     Note  that  the  elec- 
tron mobility  in  lightly  doped  n-type  silicon 
appears  to  be  significantly  higher  than  that 
based  on  Irvin's  data  [19,22]. 

At  other  temperatures,  it  is  not  convenient 
to  measure  the  carrier  density  directly.  The 
resistivity,  p,  is  given  by 

p  =  (nqy^)~l, 

where  n  is  the  electron  density.  Therefore, 

if  M    is  obtained  as  a  function  of  dopant 
n  ^ 

density  and  temperature  as  described  above 
and  n  is  obtained  as  a  function  of  dopant 
density  and  temperature  by  solving  the  charge- 
balance  equation  [23,24],  it  is  possible  to 


obtain  calculated  resistivity-temperature 
curves  for  various  values  of  dopant  density 
which  can  be  compared  with  experimentally 
determined  curves. 

To  make  this  comparison,  resistivity  measure- 
ments were  made  between  100  and  500  K  on 
seven  phosphorus-doped  silicon  wafers,  using 
the  four-probe  collector  resistor  (NBS  Spec. 
Publ.  400-17,  pp.  25-26)   [21].     The  test 
cells  used  for  the  resistivity  measurements 
were  taken  from  the  same  silicon  wafers  used 
for  the  mobility  measurements  at  300  K.  For 
the  temperature  dependent  measurements,  a 
test  cell  containing  the  four-probe  structure 
was  mounted  on  a  TO-5  header;  a  temperature- 
sensing  diode  was  also  mounted  next  to  the 
cell  for  measuring  the  temperature.     The  TO-5 
header  was  then  mounted  inside  a  specially- 
designed  cryostat  where  temperatures  can  be 
varied  from  82  to  673  K  with  a  maximum  heat- 
ing rate  of  7  K/s  (NBS  Tech.  Note  788,  pp.  12 
14)   [33].     The  results  are  illustrated  in  fig 
ure  7;  the  solid  dots  are  measured  values  and 
the  curves  are  values  calculated  with  the  as- 
sumption of  the  phosphorus  density,  Np,  in- 
dicated on  the  curve.     Over  the  entire  range 
shown,  the  theoretically  predicted  resistiv- 
ity values  are  within  ±7  percent  of  the  ex- 
perimental data.     The  values  of        were  found 

from  the  measured  resistivity  at  300  K  using 
the  calculated  resistivity-dopant  density 
curve  shown  as  the  solid  line  in  figure  8. 

(S.  S,  Li  and  W.  R.  Thurber) 

3.7.    Thermally  Stimulated  Current  and  Capa- 
citance Measurements 

jj 

Application  to  Power-Grade  Silicon    —  Many 
critical  properties  of  high-power  silicon 
thyristors  and  rectifier  diodes  are  signifi- 
cantly affected  by  the  presence  of  impurity 
and  defect  centers  which  cannot  be  counted  or 
identified  by  ordinarily  used  electrical  mea- 
surements such  as  resistivity  and  lifetime. 
Many  such  centers,  such  as  heavy  metal  con- 
tamination, irradiation-induced  defects,  and 
process- induced  defects  have  been  identified 
by  means  of  their  thermally  stimulated  cur- 
rent or  capacitance  response,  and  each  de- 
fect is  noted  to  have  a  particular  signature. 
Although  the  measurement  of  thermally  stimu- 
lated current  and  capacitance  is  reasonably 
well  established  [34-38],  several  aspects 
need  further  development  before  the  tech- 
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a.     Chuck  assembly  -  exploded  view. 


1  Chuck  assembly 

2  Copper  top  plate 

3  Insulator  plate 
k  Heating  module 

5  Cool ing  module 

6  Wafer  index  stop 

7  Thermocouples 

8  Wafer 

9  Probe  ring 

10  Probe  manipulator 

11  Multiprobe  assembly 

12  Bellows 

13  Prober  bridge 

\k  Probe  ring  support 

15  Wafer  alignment  manipulator 

16  Vacuum  pick-up  probe 

17  Transfer  si ide 

18  Front  viewport 

19  Top  viewport 

20  Probe  ring  height  manipulator 

21  Prober  control  panel 

22  Microscope  and  mount 

23  Heaters 


b.     Heating  module  -  inverted  view. 


c.    Automatic  wafer  prober  -  interior  view. 


20-   to  — 


d.     Prober  assembly  -  exterior  view. 
Figure  3.    Thermally  controlled  chuck  and  automatic  wafer  prober. 
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nique  can  be  widely  applied  to  the  character- 
ization of  power-grade  silicon;  a  new  task 
area  has  been  initiated  to  carry  out  this 
work. 

To  date,  all  measurements  reported  in  the 
literature  have  been  made  in  cryostats  on 
small,  individual  devices  scribed  from  pro- 
cessed wafers  bonded  onto  headers.     One  ob- 
jective of  the  task  is  the  development  of  ap- 
paratus suitable  for  performing  thermally 
stimulated  current  and  capacitance  measure- 
ments on  whole  large ' diameter  silicon  wafers. 
Use  of  such  an  apparatus  would  eliminate  the 
need  for  further  processing  of  test  specimens 
after  wafer  fabrication  and  allow  relatively 
fast  feedback  of  information  to  the  process 
line. 

Since  it  is  desired  to  characterize  starting 
material  as  well  as  material  at  various 
stages  in  the  device  fabrication  process,  it 
is  necessary  to  develop  procedures  for  fabri- 
cating test  structures  which  preserve  the 
characteristics  of  the  starting  material. 
The  possibility  of  examining  starting  mate- 
rial was  made  feasible  by  the  observation 
that  MOS  capacitors  were  just  as  suitable  for 
the  measurement  as  p-n  junctions  (NBS  Spec. 
Publ.  400-1,  pp.  16-19)  and  that  both  struc- 
tures yielded  the  same  information  (NBS  Spec. 
Publ.  400-4,  pp.  27-33).     However,  to  exploit 
this  possibility,  low- temperature  processes 
for  forming  the  capacitor  oxide  and  gate  elec- 
trode must  be  refined;  this  is  a  second  objec- 
I     tive  of  the  task. 

j    Application  of  the  measurement  technique  at 
various  stages  in  thyristor  fabrication  is 

I     complicated  by  the  fact  that  not  all  regions 

I    of  the  device  are  accessible  externally;  a 
third  objective  of  the  task  is  to  determine 

I     the  feasibility  of  using  monitor  wafers  and 

! special  process  steps  to  enable  the  measure- 
ment after  all  key  thyristor  fabrication 
steps. 

i     Initial  work  has  concentrated  on  the  first 
two  objectives: 

A.     Whole-Wafer  Apparatus.     One  major 
component  of  the  whole-wafer  apparatus  is 

i[    a  large-area,  thermally-controlled  chuck, 
i    optimized  for  its  thermal  response  and  capa- 
j    ble  of  operation  over  a  temperature  range 
1    from  about  80  to  over  600  K.     The  chuck  con- 
sists of  several  components  as  shown  in  the 
,1    exploded  view  in  figure  9a.     The  copper  top 
!'    plate  (2)  has  vacuum  grooves  for  specimen 

holddown  and  a  hole  for  attachment  of  a  ther- 
mocouple.   A  thin  insulator  plate  (3)  sepa- 
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rates  the  top  plate  from  the  heating-cooling 
module  (4,5).     The  copper  upper  section  (4) 
of  this  module  consists  of  an  integral  cool- 
ing cavity  and  heater  elements.     An  inverted 
view  of  this  module  with  the  four  150-W  heat- 
er elements  exposed  is  shown  in  figure  9b. 
The  stainless  steel  lower  section  (5)  en- 
closes the  cooling  cavity  and  forms  the  mani- 
fold for  the  liquid  nitrogen  coolant;  this 
section  is  heli-arc  welded  to  the  copper  sec- 
tion.    The  lower  section  has  been  designed 
with  a  thin  rib  on  the  circumference  to  mini- 
mize heat  transfer  to  the  supporting  hardware 
The  top  surface  of  the  heating  module  (4)  is 
identical  (including  vacuum  grooves  and  ther- 
mocouple hole)  to  the  top  plate;  for  measure- 
ments which  do  not  require  electrical  isola- 
tion, the  top  plate  and  insulator  can  be  re- 
moved to  permit  faster  thermal  response.  The 
wafer  index-stop  (6)  may  be  attached  either 
to  the  top  plate  or  the  heating  module. 

Parallel  to  the  development  of  the  chuck  is 
the  modification  of  an  automatic  wafer  prober 
to  accommodate  the  chuck  and  to  allow  the 
capability  to  screen  individual  devices  on  a 
wafer  for  mobile  ion  contamination  and  for  ox 
ide  integrity  before  making  the  thermally 
stimulated  current  or  capacitance  measure- 
ments.    The  prober  and  associated  parts  are 
illustrated  in  figure  9c  together  with  the 
mounted  chuck  assembly  (1) ;  the  bridge  struc- 
ture (13)  to  which  the  probe  ring  support 
(14)  is  mounted  has  been  moved  back  to  sepa- 
rate the  probe  ring  (9)  from  the  chuck  assem- 
bly (1)  for  greater  clarity  of  presentation 
in  the  photograph.     The  probe  ring,  which  nor 
mally  accommodates  up  to  60  probe  manipula- 
tors (10)  has  been  modified  to  allow  mounting 
of  an  optional  multiprobe  assembly  (11) , 
which  can  be  used  in  place  of  separate  manip- 
ulators to  apply  bias  and  temperature  stress- 
es to  36  devices  on  a  wafer  simultaneously  as 
a  convenient  method  for  detection  of  mobile 
ion  contamination.     The  separate  manipulators 
are  commercial  units  modified  to  allow  the 
use  of  miniature  50-fi  shielded  coaxial  cables 
which  is  necessary  to  minimize  the  stray  ca- 
pacitance in  the  input  leads  to  the  1-MHz  ca- 
pacitance bridge.     The  bellows  (12)  are  used 
to  transport  liquid  nitrogen  to  and  from  the 
cooling  module.     In  operation,  the  wafer  is 
placed  on  the  transfer  slide  (17)  and  pushed 
into  the  enclosure;  by  means  of  the  vacuum 
pick-up  probe  (16),  the  wafer  is  transferred 
from  the  slide  to  the  top  plate  of  the  chuck 
(2)  and  aligned  to  the  raised  stop  (6).  Fine 
adjustment  of  the  wafer  alignment  with  the 
prober  axes  can  be  made  by  rotating  the  chuck 
about  a  vertical  axis  through  its  center  by 
means  of  the  alignment  manipulator  (15). 


MATERIALS  CHARACTERIZATION  BY  ELECTRICAL  METHODS 


120   140  160    180    200    220     240      260      280      300  320 
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Gold  acceptor  in  n-type  silicon.  Speci- 
men 59B  -7  V  cooling;  -15  V  heating; 
heating  rate,  '^2  K/s, 
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120  140   160    180    200    220     240      260      280      300  320 

TEMPERATURE  |K) 

Gold  donor  in  p-type  silicon.  Specimen 
60  B  Al-8;  +10  V  cooling;  +20  V  heating; 
heating  rate,  '\^2  K/s. 


Figure  10.  Thermally  stimulated  current  response  of  gold-doped  silicon  MOS  capacitors  in 
wafer  form. 


The  prober  assembly  is  surrounded  by  a  her- 
metic enclosure,  shown  in  the  exterior  view 
in  figure  9d.    All  components  are  sealed  to 
the  wall  of  the  enclosure  with  rubber  0-rings 
or  gaskets.     The  top  (19)  and  front  (18)  view- 
ports have  light-tight  covers  (not  shown)  to 
provide  a  dark  measurement  environment.  The 
enclosure  is  constantly  flushed  and  slightly 
pressurized  (6  psig  or  40  kPa)  with  dry  nitro- 
gen to  minimize  room  air  penetration;  the  ex- 
haust gases  can  be  monitored  for  moisture. 
A  microscope  (22)  is  provided  to  check  wafer 
alignment  through  the  top  viewport  (19) ;  the 
microscope  support  assembly  was  modified  to 
allow  clearance  for  the  viewport  between  the 
microscope  objective  and  the  wafer  (8).  The 
relative  spacings  and  orientation  of  the 
probes  must  be  preset,  but  the  vertical  ad- 
justment is  accessible  by  means  of  the  probe 
ring  manipulator  (20) .    All  the  utility  ports 
are  located  in  the  back  of  the  enclosure; 
these  include  vacuum,  heater  power,  liquid 
nitrogen,  thermocouple  signals,  prober  con- 
trol interfacing,  and  dry  nitrogen  pressuri- 
zation. 

Prior  to  completion  of  this  apparatus,  an 
earlier  version  (NBS  Spec.  Publ.  400-4,  pp. 
39-40)  was  modified  to  increase  its  maximum 
heating  rate  to  2  K/s  in  order  to  conduct 
preliminary  feasibility  studies  of  measuring 
thermally  stimulated  current  and  capacitance 
at  the  wafer  level  as  described  below. 

(R.  Y.  Koyama  and  L.  M.  Smith) 

MOS  capacitors  were  made  with  aluminum  gates 
and  thermal  oxides  on  n-  and  p-type  silicon 
doped  with  gold.     The  thermal  responses  of 
the  gold  acceptor  in  n-type  silicon  and  the 
gold  donor  in  p-type  silicon  were  measured 
on  the  unscribed  wafers  and,  as  illustrated 
in  figure  10,  were  found  to  be  the  same  as 
those  reported  in  the  literature  for  measure- 


ments on  packaged  diodes  and  capacitors  [38, 
34]  except  in  the  case  of  one  n-type  wafer 
where  the  oxide  was  inadvertently  contami- 
nated, probably  with  sodium.     These  results 
demonstrated  that  measurements  at  the  wafer 
level  were  feasible.     However,  because  mo- 
bile ion  contamination  may  be  encountered  in 
the  low-temperature  oxides,  it  was  decided  to 
investigate  the  contaminated  wafer  more  fully 

In  the  as-processed  condition,  the  response, 
shown  as  curve  a  in  figure  11,  includes  a  cur 
rent  peak  near  the  expected  temperature  of 
the  phase  I  emission  (vertical  arrow)  but  the 
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Figure  11.  Thermally  stimulated  current  re- 
sponse of  gold-doped  n-MOS  capacitor  with  an 
oxide  film  contaminated  by  mobile  ions.  (a: 
as  processed;  b:  ions  moved  to  metal  gate; 
c:  ions  moved  to  Si-Si02  interface;  heating, 
both  cases:  '^1  K/s;  specimen  62B  8^1-8. 
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phase  II  response,  at  higher  temperatures,  is 
very  different  from  the  normal  response.  Fol- 
lowing a  bias-temperature  stress  on  the  capac- 
itor which  drove  any  mobile  ions  which  were 
present  in  the  oxide  to  the  metal-oxide  inter- 
face, the  normal  response  of  the  gold  accep- 
tor was  obtained.     This  response,  shown  as 
curve  b  in  the  figure,  has  the  phase  I  shoul- 
der at  about  225  K  and  the  phase  II  peak  at 
about  280  K.     If  the  mobile  ions  are  driven 
to  the  silicon-oxide  interface  by  a  second 
(reversed)  bias-temperature  stress,  the  re- 
sponse again  becomes  abnormal  as  shown  in 
curve  c  of  the  figure.     These  results  suggest 
that  the  presence  of  mobile  charge  at  or  near 
the  silicon-oxide  interface  greatly  affects 
the  charge  state  or  the  emission  process  of 
the  traps  in  the  depletion  region  of  the  semi- 
conductor.    However,  by  removing  such  mobile 
charge  from  the  interface,  it  is  still  pos- 
sible to  obtain  the  proper  thermally  stimu- 
lated current  response.     The  presence  of  mo- 
bile ion  contamination  can  be  determined  by 
means  of  bias-temperature  stress  measurements 
(NBS  Spec.  Publ.  400-19,  pp.  29-30)  prior  to 
the  thermally  stimulated  current  measurement. 

(R.  Y.  Koyama) 

B.     Low-Temperature  Processing  of  MOS 
Capacitors .     Typical  processing  of  MOS  capac- 
itors for  thermally  stimulated  current  and 
capacitance  measurements  includes  the  follow- 
ing principal  steps: 

1.  Clean  wafer, 

2.  Grow  silicon  dioxide  0.1  to  0.2  ym 
thick  in  dry  oxygen  at  1000°C, 

3.  Deposit  aluminum, 

4.  Photoengrave  gate  contacts  with 
level  4  (METAL)  mask  of  test  pattern 
NBS-3  [20], 

5.  Metallize  back  side,  and 

6.  Microalloy  at  500°C  for  20  min  in 
dry  nitrogen. 

The  high-temperature  oxidation  step  in  this 
process  is  likely  to  cause  alterations  in  the 
impurity  and  defect  characteristics  of  the  ma- 
terial.    Hence  the  suitability  of  three  types 
of  oxides  for  forming  the  capacitor  dielec- 
tric at  lower  temperatures  is  being  consi- 
dered:    anodic  oxidation  of  silicon  at  room 
temperature,  chemical  vapor  deposition  (CVD) 
of  silicon  dioxide  at  400°C,  and  oxidation  at 
400°C  of  evaporated  tantalum  to  form  tanta- 
lum pentoxide. 

Capacitance-voltage  (C-V)  characteristics 
were  used  to  determine  the  properties  of  the 
various  oxides .     The  C-V  curves  were  analyzed 
to  find  the  oxide  thickness,  X  ;   the  average 


dopant  density,  N^,  in  the  depletion  region; 
and  the  flat-band  capacitance,  C^|_^.     The  flat 

band  voltage,  V^^,  was  determined  directly 

from  C  . 
t  b 

Figure  12  displays  typical  measured  C-V  char- 
acteristics for  each  of  the  oxide  types  fab- 
ricated.    For  comparison  purposes,  the  C-V 
characteristics  of  a  standard,  dry  thermal 
oxide  are  also  shown  in  the  figure.  Theoreti 
cal  curves  [39]  are  shown  as  dots  for  compari 
son;   these  points  have  been  shifted  along  the 
voltage  axis  to  allow  coincidence  of  V^^^  with 

the  experimental  value.     The  silicon-dioxide 
capacitors  (curves  a,  b,  and  d)  show  similar 
characteristics;  the  flat-band  voltage  is 
negative  (indicating  a  positive  surface-state 
charge)  and  the  experimental  curve  lies  above 
the  theoretical  one  in  the  inversion  region 
(indicating  interface-state  dispersion) .  By 
contrast,  the  tantalum  pentoxide  capacitor 
(curve  c)  shows  a  negative  surface-state 
charge  and  the  theoretical  curve  shows  higher 
dispersion  than  the  experiment.     Since  the  di 
electric  film  in  this  case  was  very  thin,  it 
is  not  clear  that  the  C-V  measurement  is  val- 
id because  of  the  possibility  of  leakage  in 
the  oxide;  hence,  it  is  possible  that  the  de- 
vices goes  into  deep  depletion  rather  than  to 
true  inversion.     (F.  H.  Brewer,  R.  Y.  Koyama, 
J,  Krawczyk,  Y.  M.  Liu,  and  D.  A.  Maxwell) 

At  this  time,  due  to  the  ease  of  in-house 
fabrication,  the  CVD  silicon  dioxide  is  the 
most  promising  low-temperature  oxide.  How- 
ever, neither  the  anodic  silicon  dioxide  or 
the  tantalum  pentoxide  processes  have  been 
eliminated  from  consideration. 

The  low-temperature  processing  procedure  was 
further  tested  with  a  lot  of  n-type,  10  ^'cm 
<100>  silicon  wafers  which  had  been  diffused 
with  gold  to  introduce  the  known  gold  accep- 
tor [38].  These  simulated  starting  wafers 
were  then  processed  with  a  400°C  CVD  oxide 
and  500°C  microalloyed  aluminum  metallization 

Thermally  stimulated  current  measurements 
were  made  on  these  capacitors  in  the  modified 
wafer  apparatus.  Although  detailed  measure- 
ments were  not  made,  the  response  of  the  gold 
acceptor  was  clearly  observed.  These  results 
indicate  that  the  MOS  structure  used  in  these 
measurements  is  a  suitable  vehicle  for  detect 
ing  defects  in  the  starting  material. 

(R.  Y.  Koyama) 

The  microalloy  step  is  necessary  with  alumi- 
nization  using  an  e-gun  source.     This  is  done 
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a.     Chemical   vapor  deposited  silicon  dioxide, 
1^2.5  nm  thick. 
Nq  =  6.6  X  iol'+  cm-3; 
Vf.^  =  -2.07  V. 
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c.     Oxidized  tantalum  (13205),  33.1   nm  thick. 
No  =  1.6  X  10^5  cm" 3; 
Vfb  =  0.62  V. 


to  remove  the  interface  state  dispersion  in 
the  C-V  curve  due  to  the  x-ray  damage  [40] 
(see  sec.  5.2.)  from  the  e-gun.     In  addition, 
it  promotes  better  adhesion  of  the  aluminum 
to  the  oxide  surface.     Since  this  microalloy 
temperature  was  higher  than  the  maximum  oxide 
fabrication  temperature,  a  series  of  measure- 
ments was  conducted  to  e  ^.e  if  a  lower  micro- 
alloy  temperature  would  be  acceptable. 

Four  wafers  were  processed  with  dry  thermal 
oxides,  about  90  nm  thick.     After  gate  metal- 
lization (e-gun  aluminum)  and  photoengraving, 
each  of  the  four  wafers  was  microalloyed  at 
a  different  temperature  for  20  min  in  dry  ni- 
trogen.    Capacitance-voltage  measurements 
were  made  on  MOS  capacitors  of  the  resulting 
wafers;  the  results  are  displayed  in  figure 
13.     Four  C-V  measurements  from  each  of  the 
four  wafers  are  shown.     Wafer  74A  was  not  mi- 
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b.     Anodically  grown  silicon  dioxide,  I8O.8 
nm  thick. 

Hq  =  6.7  X  10^^+  cm~3; 
Vfb  =  -2-12  V. 
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d.     Thermally  grown  silicon  dioxide  (dry), 
1 05- 3  nm  th  i  ck. 
Nq  =  6.7      lO^"*  cm"3; 

Vfb  =  -1.77  V. 
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croalloyed  at  all.     It  shows  the  typical  in- 
terface state  distortion  accompanied  by  the 
higher  than  normal  flat-band  voltage  shift 
due  to  the  x-ray  damage.     The  other  three  wa- 
fers, 74C,  74B,  and  74D,  alloyed  at  300°, 
400°,  and  500°C,  respectively,  show  very  lit-  ' 
tie  interface-state  distortion  but  varying 
quantities  of  oxide  charge.     From  the  stand- 
point of  thermally  stimulated  current  and  ca- 
pacitance measurements ,  the  presence  of  oxide 
charge  is  not  a  problem,  providing  that  it  re-i 
mains  stable.     Since  this  is  usually  the  case, 
the  400°C  microalloy  step  would  be  appropri- 
ate for  use.       (R.  Y.  Koyama  and  J.  Krawczyk) 

Tentative  Catalog  of  Defect  Centers  —  In  or- 
der to  utilize  the  thermally  stimulated  cur- 
rent or  capacitance  response  of  a  diode  or 
capacitor  to  identify  impurities  and  defects 
in  silicon,  it  is  necessary  to  know  the  char- 


Figure  12.  Capacitance-voltage  characteristics  of  various  oxides  on  n-type 
aluminum  gate  electrodes.  (Solid  lines:  measured  values;  dots:  theoretical 
placed  to  account  for  flat-band  voltage.) 
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tron  emission  in  ?7-type  silicon  (NBS  Spec. 
Publ.  400-4,  p.  31)  was  rearranged  and  gen- 
eralized as  : 
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Figure  13.     Capacitance-voltage  characteris- 
tics of  four  MOS  capacitors  on  each  of  four 
n-type  silicon  wafers  with  dry  thermal  oxides, 
about  90  nm  thick,  and  e-gun  evaporated  alu- 
minum gates  microalloyed  at  different  tem- 
peratures.    (For  clarity,  the  curves  are  dis- 
placed vertically;  the  oxide  capacitance  is 
about  h2  pF.     Curves  a:  no  alloy  treatment; 
curves  b:  microalloy  temperature,  300°C; 
curves  c:  microalloy  temperature,  kOO°C; 
curves  d:  microalloy  temperature,  500°C.) 

acteristic  responses  of  such  impurities  and 
defects.     Emission  coefficients  and  activa- 
tion energies  of  31  impurity  or  defect  cen- 
ters in  silicon  were  compiled  from  the  liter- 
ature and  used  as  the  basis  of  plots  of  the 
temperature,  T^,  at  which  the  majority  car- 
rier (phase  I)  thermal  emission  from  charged 
defect  centers  produces  a  discharging  current 
peak  as  a  function  of  the  heating  rate,  6,  at 
T^.     Impurities  include  cobalt  [41],  gold 

[42],  irridium  [43],  platinum  [44],  rhodium 
[43],  silver  [45],  sulfur  [46],  tantalum  [47], 
and  zinc  [48].     Defects  include  those  induced 
by  1-MeV  electron  irradiation  [49],  1.5-MeV 
electron  irradiation  [50],  1-MeV  neutron  ir- 
radiation [50],  and  high-temperature  process- 
ing [50,51]. 

To  obtain  the  T  -g  curves,  the  relationship 
e 

between  3  and        previously  derived  for  elec- 


B  T  3exp(-AE  /kl  ) 
X  e  X  e 

2  +  AE  /kl 

X  e 


(6) 


where  B    is  the  emission  coefficient,  the 

X 

subscript  x  is  n  or  p  designating  the  conduc- 
tivity type  of  the  silicon,  k  is  Boltzmann's 


constant,  AE    is  E 
n  c 


E^,  and  AE    is  E^ 
t'  p  t 


(energy  levels  of  the  defect  center  as  mea- 
sured from  the  conduction  and  valence  bands 
respectively) .     The  model  used  for  this  cal- 
culation [38]  assumes  a  single  emission  pro- 
cess (minority  carrier  emission  rate  is  triv- 
ial at  the  majority  carrier  emission  current 
peak)  and  a  small  defect  density  relative  to 
the  dopant  density.     Violation  of  the  former 
condition,  as  in  the  case  of  the  mid-gap  gold 
center,  shifts  the  peak  temperature  only  by 
1  K.     Uncertainties  in  the  emission  coeffi- 
cients and  activation  energies  of  the  order 
generally  reported  in  the  literature  result 
in  uncertainties  of  only  a  few  degrees  in 
the  peak  temperature.     The  model  also  assumes 
that  the  emission  rates  are  described  by  the 
empirical  equation  of  Arrhenius  of  the  form: 
e^  =  B^T^exp (-AE^/kT) .     Because  the  tempera- 
ture variation  of  the  emission  is  so  domi- 
nated by  the  exponential  term  when  AE^/kT  is 

fairly  large,  experiments  cannot  distinguish 
between  various  values  of  s  in  the  more  gen- 
eral form:     e  =  AT^exp (-AE^/kT)   [52].  The 

value  2  for  s  was  adopted  since  it  corre- 
sponds to  a  temperature  independent  cross  sec 
tion. 

The  curves  are  given  in  figure  14;  the 

values  of  emission  coefficient  and  activa- 
tion energy  used  to  construct  these  curves 
are  listed  in  table  6.     The  intersection  of  a 
horizontal  line  at  the  peak  temperature  with 
a  vertical  line  at  the  heating  rate  should  oc 
cur  on  the  curve  of  the  center  responsi- 

ble for  the  response. 

It  would  be  desirable  to  add  to  this  catalog 
centers  which  result  from  other  impurities 
including  copper,  iron,  lithium,  manganese, 
mercury,  molybdenum,  nickel,  neodymium,  oxy- 
gen, thalium,  thulium,  tungsten,  and  vanadium 
(M.  G.  Buehler  and  W.  E.  Phillips) 


25 


MATERIALS  CHARACTERIZATION  BY  ELECTRICAL  METHODS 


60 


I  I  1 1  iiii| — I  I  1 1  nil 


I  I  1 1  mil  I 


I  Mini 


_LLJ 


HEATING  RATE  (K/s) 
a.     Hole  emission  in  p-type  silicon. 


0.01  0.1  1 

HEATING  RATE  |K/sj 

Electron  emission  in  n-type  silicon 


10 


Figure  14.     Temperature  of  peak  value  of  thermally  stimulated  current  response  as  a  function 
of  heating  rate  for  selected  defect  centers  in  silicon.     (See  table  6  for  identification  of 
symbol s . ) 


3.8.    Extended  Range  MIS  C-V  Method 

Design  and  evaluation  work  on  the  modified 
instrument  for  measuring  capacitance,  C,  at 
applied  voltages,  V,  of  up  to  10  kV  (NBS 
Spec.  Publ.  400-19,  pp.  31-32)  has  been  com- 
pleted [53]. 

Detailed  studies  have  be<=n  carried  out  on 
the  influence  of  bias-protection  circuitry 
on  the  accuracy  of  the  capacitance  measure- 
ment.    It  was  found  that  with  the  three  com- 
mercially available  1-MHz  capacitance  bridges 
tested  (NBS  Spec.  Publ.  400-25,  p.  28),  the 
bias-protection  circuitry  introduces  an  er- 
ror of  less  than  1.1  percent  when  measuring 
capacitances  up  to  130  pF. 

A  modified  specimen  holder  and  probe  assem- 
bly were  designed  and  constructed  to  permit 
the  use  of  a  guard  ring  around  the  electrode 


on  the  free  surface  of  the  sapphire.     Use  of 
an  unguarded  electrode  resulted  in  a  nonuni- 
form electric  field  at  the  silicon  surface  in 
the  region  opposite  the  edge  of  the  unguarded 
electrode.     The  total  edge  capacitance  in  the 
vicinity  of  the  nonuniform  electric  field  is 
on  the  order  of  a  few  percent.  WWhile  this  is 
not  important  for  the  determination  of  the 
flat-band  charge  and  silicon  doping,  it  may 
introduce  an  undesirable  error  in  a  determin- 
ation of  the  interface-state  density. 

The  measurement  technique  has  been  extended 
to  permit  the  measurement  of  the  conductance, 
G,  as  a  function  of  voltage.    The  results  of 
measurements  on  two  specimens  indicate  that 
there  is  reasonable  agreement  between  the 
value  for  the  density  of  interface  states  at 
the  silicon-sapphire  interface  obtained  from 
the  peak  value  of  the  C-V  characteristic  at 
one  point  in  the  forbidden-band  gap  and  the 
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Table  6  —  Emission  Coefficients  and  Activation  Energies  of  Selected  Defects  in  Silicon 


Emission 

Defect  Center                        Symbol  Coefficient, 

s-i-K-2 

Activation 
Energy,  eV 

Source 
Reference 

a.    Centers  Which  Emit  Holes  in  p-Type  Silicon 

1  MeV  electron  induced 

EI-1 

1.53 

X 

107 

0.239 

[49] 

Zinc 

ZnO 

7.53 

X 

107 

0.297 

[48] 

Gold 

Au"^ 

2.70 

X 

108 

0.345 

[42] 

Cobalt 

Co" 

2.73 

X 

108 

0.352 

L41J 

Silver 

Ag^ 

2.89 

X 

108 

0.378 

[45] 

Platinum 

Pt 

1 .77 

X 

1  0° 

0.  320 

[44] 

1  MeV  neutron  induced 

NI-1 

2.2 

X 

10  = 

r\  oil 

0. 31 1 

[50] 

1.5  MeV  electron  induced 

EI-2 

2.3 

X 

1  n  S 
1 

0. 31  3 

L50J 

1  MeV  electron  induced 

EI-3 

2.63 

X 

1  0° 

n   'D  IT  /I 

0.  354 

[49] 

1  MeV  neutron  induced 

NI-2 

17 

U.COl 

[50] 

Zinc 

Zn" 

1.57 

X 

1  U° 

A    c:  "7  1 

U.  b/  1 

[48] 

Process  induced 

PI-1(++) 

3.06 

X 

ft    CO  c 

1.) .  bob 

[51 J 

b.    Centers  Which  Emit  Electrons  in  n- 

-Type  Silicon 

1  MeV  neutron  induced 

NI-3 

5.8 

X 

105 

0.201 

[50] 

1.5  MeV  electron  induced 

EI-4 

1.75 

X 

106 

0.216 

[50] 

Platinum 

Pt 

7.06 

X 

107 

0.260 

[44] 

Tantalum 

Ta-1 

1 .67 

X 

105 

0.232 

[47] 

Iridium 

Ir-1 

4.22 

X 

lOii 

0.385 

[43] 

Rhodium 

Rh-1 

2.85 

X 

109 

0.353 

[43] 

Process  induced 

PI-2(0) 

6.13 

X 

105 

0.264 

[51] 

Process  induced 

PI-3 

4.1 

X 

103 

0.226 

[50] 

Sulfur 

S" 

1 .82 

X 

105 

0.276 

[46] 

1  MeV  neutron  induced 

NI-4 

2.7 

X 

106 

0.401 

[50] 

1.5  MeV  electron  induced 

EI-5 

1.54 

X 

106 

0.397 

[50] 

Sulfur 

s" 

1.14 

X 

107 

0.528 

[46] 

Si  Tver 

Ag" 

3.34 

X 

107 

0.544 

[45] 

Process  induced 

PI-4(+) 

1.67 

X 

107 

0.542 

[51] 

Gold 

Au" 

1 .97 

X 

107 

0.547 

[42] 

Cobalt 

Co" 

8.52 

X 

106 

0.534 

[41] 

Rhodium 

Rh-2 

1.46 

X 

108 

0.591 

[43] 

Iridium 

Ir-2 

4.3 

X 

108 

0.629 

[43] 

Tantalum 

Ta-2 

1.63 

X 

105 

0.472 

[47] 
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corresponding  value  previously  obtained  from 
point-to-point  differentiation  of  the  C-V 
curve.  (A.  M.  Goodman^) 

It  is  well  known  that  e-gun  aluminization  of 
MOS  devices  produces  positive  charge  at  the 
silicon-oxide  interface.  The  effect  is  pre- 
sumably due  to  the  generation  of  soft  x-rays 
by  the  electron  beam  striking  the  melted  alu- 
minum. The  charge  is  generally  removed  dur- 
ing a  400°  to  500°C  annealing  step  in  a  neu- 
tral or  reducing  atmosphere  that  follows  the 
metallization. 

It  was  found  that  a  large  positive  charge  de- 
velops at  the  silicon-sapphire  interface  dur- 
ing the  e-gun  aluminization  and  that  conven- 
tional annealing  at  400°C  in  forming  gas  does 
not  entirely  remove  it.     Further  annealing 
does  not  help  to  remove  the  radiation  induced 
charge  and,  in  fact,  increases  the  interfa- 
cial  positive  charge.     This  information  has 
strong  implications  not  only  for  current  de- 


vice processing  but  also  for  possible  contem- 
plated use  of  soft  x-ray  lithography  in  the 
fabrication  of  C-MOS/SOS  devices  and  device 
arrays  on  sapphire. 

(A.  M.  Goodman'^  and  C.  E.  Weitzel^) 

The  developed  apparatus  is  useful  for  a  vari- 
ety of  applications .     The  present  ±10  kV  capa- 
bility of  the  system  appears  sufficient  for 
all  anticipated  applications  with  the  excep- 
tion of  the  characterization  of  silicon-on- 
sapphire  substrates  thicker  than  150  ym.  For 
sapphire  substrates  2  in.   (51  mm)  or  more  in 
diameter  which  are  about  325  ym  thick  it 
would  be  necessary  to  have  a  higher  bias  volt- 
age capability.     Design  considerations  are 
now  being  given  to  develop  a  system  which 
would  allow  characterization  of  thick  sap- 
phire substrates  at  applied  voltage  up  to  ±25 
kV.     This  new  system  includes  a  linear-sweep 
high-voltage  supply,  high-voltage  bias- 
protection  circuitry,  and  a  high-voltage  spec- 
imen holding  system.  (A.  M.  Goodman^) 


Work  performed  at  RCA  Laboratories  under 
NBS  Contract  No.  5-35912.     NBS  contact  for 
additional  information:     R.  Y.  Koyama. 
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4.1.    Optical  Test  for  Surface  Quality  of 
Sapphire  Substrates 

Specular  reflection  measurements  offer  the 
possibility  of  providing  useful  information 
on  both  silicon  and  sapphire  surfaces.  The 
infrared  surface  analysis  of  sapphire  (NBS 
Spec.  Pubis.  400-19,  pp.  22-24,  and  400-25, 
pp.  20-23)   [54]  is  a  useful  means  of  detect- 
ing lattice-related  damage,  but  is  much  less 
sensitive  to  surface  scratch  lines  which  may 
remain  after  the  associated  lattice  damage 
is  removed  by  substrate  annealing.     This  is 
not  surprising  since  the  dimensions  of  these 
imperfections  are  much  smaller  than  the  in- 
frared wavelength  used,  and  scattering  losses 
are  relatively  small.     Thus,  reflectance  mea- 
surements at  ultraviolet  wavelengths  compara- 
ble in  magnitude  with  the  dimensions  of  sur- 
face defects  should  be  more  effective  in  de- 
tecting surface  irregularities.     Similar  con- 
siderations apply  to  epitaxial  silicon  films 
which,  in  turn,  exhibit  a  surface  texture  re- 
lated to  the  substrate  surface  condition  and 
deposition  parameters.     Epitaxial  silicon 
films  are  generally  accepted  or  rejected  on 
the  product  line  in  a  subjective  manner  by 
visual  inspection  for  light  scattering  ef- 
fects or  "haze."    Films  which  exhibit  haze 
appear  to  have  inferior  electrical  properties; 
a  fast,  nondestructive,  quantitative  test  is 
needed  to  place  the  screening  on  an  objective 
basis . 


fleeted  component  can  be  ignored  and  eq  (7) 
becomes 

log  R^R  =  [(itpa)2/2.303](l/A2).  (8) 

This  technique  requires  that  the  surface  be 
highly  reflecting  with  R  greater  than  about 
40  percent.     This  requirement  can  be  met  by 
using  a  wavelength  that  is  heavily  absorbed. 
Since  silicon  is  highly  absorbing  in  the  ul- 
traviolet region  of  the  spectrum,  while  sap- 
phire is  transparent,  reflection  measurements 
can  be  easily  made  on  silicon-on-sapphire  com- 
posites to  evaluate  the  quality  of  the  sili- 
con. 

Initial  experiments  were  performed  on  four 
bulk  silicon  substrates  which  had  been  vari- 
ously polished  in  order  to  introduce  differ- 
ent degrees  of  surface  roughness.     The  re- 
flectance for  each  surface  was  measured  as  a 
function  of  wavelength  and  the  ratio  R  /R  at 

240  and  280  nm  was  determined  for  each  speci- 
men; an  aluminum  mirror  was  used  to  determine 
R  .     The  logarithm  of  this  ratio  is  plotted 

against  (on  a  logarithmic  scale)  the  size  of 
the  polishing  grit  in  figure  15.     The  values 
of  a  to  be  used  in  eq  (8)  are  not  known  but 
are  related  to  the  size  of  the  polishing  grit. 
Scanning  electron  micrographs  show  that  sur- 
face roughness  is  related  to  the  polishing 
grit  size.     It  appears  from  these  preliminary 


An  optical  technique  which  measures  the  sur- 
face roughness  of  a  reflective  surface  has 
been  described  by  Bennett  and  Porteus  [55]. 
This  technique  is  based  on  published  work  on 
the  reflection  of  radar  waves  from  rough  sur- 
faces [56].     According  to  the  theory  pre- 
sented in  these  publications,  the  reflectance 
of  a  surface  is  related  to  the  root  mean 
square  roughness,  a,  of  a  surface  and  to  the 
root  mean  square  slope  of  the  profile  of  the 
surface,  m.     The  complete  expression  is  [55] 

R  =  R^{exp[-(:5i£^)^  +  3^(^)\Ae)2},  (7) 

where  R  is  the  reflectance  of  a  nonideal  sur- 
face, R    is  the  reflectance  of  an  ideal  sur- 
o 

face  (without  roughness) ,  A  is  the  wavelength 
of  the  incident  radiation,  and  AG  is  an  in- 
strumental acceptance  angle.     The  second  terra 
takes  into  account  diffusely  reflected  light. 
If  the  reflectance  measurement  is  made  at 
wavelengths  much  longer  than  the  root  mean 
square  surface  roughness,  the  diffusely  re- 
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Figure  15.     Specular  reflection  data  for  four 
bulk  silicon  substrates  polished  with  differ- 
ent polishing  grits  and  for  six  silicon-on- 
sapphire  composites.     (a:  bulk  silicon  at 
240  nm;  d:  bulk  silicon  at  280  nm;  o:  silicon- 
on-sapphire  at  280  nm.) 
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results  that  this  plot  may  be  used  as  a  ref- 
erence curve  for  determining  silicon  surface 
roughness  on  this  scale  and  at  these  wave- 
lengths . 

On  this  basis,  reflection  data  were  obtained 
at  280  nm  on  six  silicon-on-sapphire  compos- 
ites.    These  results  are  also  plotted  in  fig- 
ure 15;  in  this  case  the  point  for  each  speci- 
men is  placed  on  the  280-nm  line  at  the  mea- 
sured value  of  reflectance.     The  horizontal 
position,  then,  should  give  some  indication 
of  the  surface  roughness.     Scanning  electron 
micrographs  of  two  typical  specimens  are  pre- 
sented in  figure  16.     Specimen  1,  which  is 
equivalent  to  a  very  small  grit  size,  had  an 
acceptable  surface  smoothness  which  compares 
favorably  with  a  highly  polished  bulk  silicon 
surface,  while  specimen  4,  which  is  equiva- 
lent to  a  significantly  larger  grit  size,  had 
been  rejected  from  the  product  line  because^ 
of  haze.  ^  (M.  T.  Duffy']', 

P.  J.  Zanzucchi" ,  and  G.  W.  Cullen" ) 

4.2.    Impurities  in  Sapphire  Substrates 

Besides  surface  roughness  (see  sec.  4.1.), 
the  presence  of  impurities  introduced  unin- 
tentionally in  the  epitaxial  silicon  film  can 
also  affect  the  performance  of  silicon-on- 
sapphire  devices.     One  potential  source  of 
these  undesired  impurities  is  the  polished 
sapphire  substrate.     In  order  to  determine 
the  typical  impurity  levels  in  commercially 
available  polished  sapphire  substrates,  three 


substrates  from  different  sources  were  char- 
acterized by  neutron  activation  analysis.''' 

Two  specimens  cut  from  half  of  each  of  the 
circular  polished  sapphire  slices,  one  near 
the  center  and  one  near  the  edge ,  were 
weighed,  sealed  in  polyethylene,  and  irradi- 
ated in  a  neutron  flux  of  6  x  10^^  cm~2-s~^ 
for  30  min  in  the  NBS  reactor.    After  a  cool- 
ing period  of  about  30  min,  the  specimens 
were  cleaned  with  a  50-percent  hot  nitric  ac- 
id solution  to  remove  possible  external  con- 
tamination.    The  specimens  were  then  counted 
using  a  Ge(Li)  detector-multichannel  analyzer 
system.     Calcium  was  determined  30  min  after 
irradiation  and  manganese  was  determined  120 
min  after  irradiation.     Standards  were  aque- 
ous solutions  of  the  two  elements. 

Subsequently,  the  specimens  were  again  irra- 
diated, this  time  for  10  h.    After  a  cooling 
period  of  about  10  days  to  eliminate  ^'^Na  ma- 
trix activity,  the  specimens  were  counted  to 
determine  the  amounts  of  molybdenum,  chromium, 
antimony,  scandium,  iron,  cobalt,  and  zinc 
which  were  present.     This  counting  was  also 


Work  performed  at  RCA  Laboratories  under 
NBS  Contract  No.   5-35915.     NBS  contact  for 
additional  technical  information:     K.  F. 
Galloway . 

^The  substrates  were  supplied  by  Rockwell  In- 
ternational Corporation  which  had  obtained 
them  from  various  sources  for  evaluation  un- 
der Air  Force  Contract  F19628-75-C-0108 . 
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Table  7  —  Elemental  Content  of  Sapphire  Substrates 


Element 

Concentrations  of  Element,  ppb  (by 

weight) 

Substrate 

1 

Substrate  2 

Substrate  3 

Center 

Edae 

Center  Edge 

Center 

Edge 

Mol vbednum 

1000 

1000 

<10  <10 

400 

400 

Chromi  um 

100 

100 

'X-IO 

40 

Antimony 

0.2 

n  ? 

1 

2 

Scandium 

0.1 

0.1 

0.1  0.1 

0.3 

0.02 

Iron 

70 

60 

300  300 

60 

60 

Cobalt 

0.1 

0.1 

0.1  0.1 

0.1 

0.1 

Manganese 

0.5 

0.5 

1  1 

0.5 

0.5 

Calcium 

<10000  < 

10000 

<10000  <10000 

<10000 

<10000 

Zi  nc 

<10 

<10 

<10  <10 

<10 

<10 

done  with  the  Ge(Li)  system.     Standards  for 
all  elements  were  either  aqueous  solutions 
or  small  amounts  of  metal  foils  dissolved 
and  aliquoted  after  irradiation. 

The  results  are  presented  in  table  7.  The 
chromium  content  of  substrate  2  could  not  be 
determined  because  it  contained  a  small 
amount  of  iridium  which  interfered  with  this 
determination.  (S.  Mayo  and  G.  J.  Lutz§ ) 

4.3.    Electron  Spectroscopy  Techniques 

Effect  of  Ion  Flux  Distribution  on  Depth  Res- 
olution in  Auger/Ion  Beam  Profiling  of  Oxide- 
Siliaon  Structures  —  As  a  result  of  an  elec- 
trical breakdown  and  attempts  to  repair  the 
ion  gun  in  the  Auger  spectrometer,  the  depth 
resolution  was  seriously  deteriorated.  This 
was  manifested  by  an  apparent  widening  of  the 
oxide-silicon  interface  in  a  previously  mea- 
sured specimen,  and  also  by  a  large  scatter- 
ing in  the  data.     In  order  to  clarify  the 
I     source  of  the  deterioration,  the  flux  distri- 
I     bution  in  the  primary  ion  beam  was  measured 
1     for  typical  operating  conditions, 
i 

[     Consider  the  experimental  conditions  outlined 
I     in  figure  17.     The  specimen  surface,  S,  is  po- 
I     sitioned  at  the  focal  point,  F,  of  the  cylin- 
drical mirror  analyzer,  CMA,  with  its  normal 
j     at  an  angle  9      30  deg  with  respect  to  the 
'     primary  electron  beam,  EB.     The  ion  beam,  IB, 
J     is  incident  on  the  surface  at  an  angle  n  and 


is  carefully  aligned  so  that  it  strikes  the 
specimen  at  the  focal  point,  as  depicted  in 
the  figure.     The  ion  current  (flux)  distribu- 
tion at  the  specimen  surface  is  also  shown  in 
the  figure;   the  electron  beam  is  considered 
inf initesimally  narrow  since  it  is  much 
smaller  than  the  ion  beam.     During  the  align- 
ment procedure  there  is  a  finite  possibility 
of  displacing  the  specimen  along  the  z  (CMA) 
axis .     The  broken  lines  and  curves  show  how 
the  ion  and  electron  beams  are  displaced. 
Notice  that  in  this  case  the  electron  beam 
strikes  the  wall  of  the  ion  sputtered  crater 
in  the  specimen.     A  similar  situation  arises 
when  the  ion  beam  is  not  perfectly  aligned 
and  hits  off  the  focal  point  of  the  CMA,  or 
if  a  shift  occurs  in  the  ion  beam  alignment 
during  sputtering.     The  latter  effect  may  re- 
sult from  thermal  drift  in  the  ion  optics, 
particularly  when  the  total  sputtering  time 
is  long  (hours) . 

It  can  be  shown  that  the  fractional  change 
in  apparent  interface  width  is  equal  to  the 
fractional  change  in  ion  flux  density  pro- 
vided that  fluctuations  in  sputtering  yield 
and  specimen  density  can  be  neglected  [57]. 
To  demonstrate  the  importance  of  reducing 
flux  inhomogeneities  to  a  minimum,  a  100-nm 
thick  oxide  thermally  grown  on  a  (100)  sili- 
con surface  was  profiled  using  two  ion  guns, 


NBS  Activation  Analysis  Section,  Analytical 
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IB 


Figure  17.     Schematic  of  experimental  condi- 
tions for  ion  sputter  etching  and  Auger  elec- 
tron spectroscopy.     (Note  that  the  angles  6 
and  n  are  not  In  the  same  plane.) 


one  normal  and  one  with  a  defect  in  the  op- 
tics.    With  the  former  the  observed  width  of 
the  oxide-silicon  interface  was  4.3±0.3  nm. 
With  the  defective  gun  there  was  a  large 
scatter  in  the  observed  width  but  the  average 
of  the  minimum  width  was  about  6  nm. 

The  spatial  distribution  of  the  ion  beam  cur- 
rent in  the  two  guns  was  measured  by  moving  a 
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a.     Normal  gun. 

Figure  18.  Spatial  distributions  of  ion  beam 
focal  point  (z=0) ;  a:  rastered  beam  with  ion  ^ 
tionary  value.) 


square  Faraday  cup  250  ym  on  a  side,  along 
the  z-axis.     The  results  are  plotted  in  fig- 
ure 18  as  ion  flux  density  normalized  to  its 
value  at  the  CMA  focus  (z=0) .     Both  station- 
ary and  rastered  beams  were  measured;  the  ad- 
ditional broadening  of  an  interface  at  a 
depth  of  100  nm,  due  to  the  flux  inhomogene- 
ities  in  the  rastered  beams  are  shown  in  fig- 
ure 19.     The  predicted  broadening  is  consis- 
tent with  the  experimental  results  described 
above.     Note  that  in  figure  19  there  is  a 
region  of  zero  broadening  for  the  normal  gun 
if  the  specimen  is  located  about  0.4  mm  be- 
hind the  CMA  focus.     This  occurs  as  a  result 
of  the  flat  distribution  of  the  normal  ras- 
tered ion  beam  in  this  region  (see  fig.  18a). 

These  results  show  that  in  Auger/ion  depth 
profiling  it  is  of  critical  importance  to 
check  routinely  the  ion  current  distribution 
and  to  apply  a  suitable  rastering  with  com- 
pensation for  small  displacements  of  the  ras- 
tered beam  with  respect  to  the  focal  point  of 
the  CMA.     In  most  of  the  depth  profiling  work 
reported  in  the  literature  neither  of  these 
measures  is  taken.     It  is,  therefore,  reason- 
able to  conclude  that  flux  inhomogeneities 
have  been  a  limiting  factor  in  the  depth  reso- 
lution [58]  and  that  interface  broadening 
larger  than  several  nanometers  can  occur. 
Such  effects  have  probably  been  important  in 
producing  the  idea  that  the  depth  resolution 
in  sputter  milling  is  5  or  10  percent  of  the 
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b.     Defective  gun. 

current.  (•:  stationary  beam  directed  at  CMA 
urrent  at  z=0  reduced  to  one-half  of  Its  sta- 
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total  depth  milled.     The  present  work  shows 
that  this  is  not  the  case  if  proper  tech- 
niques are  used.  (J.  S.  Johannessen^^ , 
W.  E.  Spicer^,  and  Y.  E.  Strausser**) 

Interface  Broadening  by  Electron  Stimulat- 
ed Desorption  —  Another  important  parame- 
ter in  Auger  analysis  and  in  Auger/ion  depth 
profiling  is  the  primary  electron  fluence. 
To  demonstrate  the  adverse  effect  of  a  high 
primary  electron  current  density  on  depth  res- 
lution,  the  interface  profile  of  the  oxide 
film  described  above  was  measured  with  a  5-yA 
primary  electron  beam.     In  one  case  the  beam 
was  held  stationary;  in  the  other  case  it  was 
rastered  over  an  area  250  pm  by  250  ym.  The 
defective  ion  gun  was  used  to  obtain  both 

profiles.    The  two  502-eV  0       profiles  are 

KLL 

shown  in  figure  20.     The  horizontal  axis  is 
based  on  the  sputter  rate  associated  with  the 
ion  beam  and  the  sputtering  time.     The  inter- 
face appears  to  be  significantly  wider  when 
measured  with  the  stationary  electron  beam. 
The  early  reduction  in  the  measured  oxygen 
density  occurs  because  the  sputtering  rate  in 
the  area  where  the  specimen  is  exposed  to 
both  ions  and  electrons  is  greatly  enhanced 
[59]  as  illustrated  in  the  inset  of  the  fig- 
ure.    As  a  result  the  electron  beam  reaches 
the  interface  ahead  of  the  main  portion  of 
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Figure  20.     Oxygen  KLL  profiles  showing  ef- 
fects of  electron-beam  enhancement  of  sputter- 
ing rate.     (a:  stationary  electron  beam;  o: 
rastered  electron  beam;  the  Inset  shows  the 
sputtered  crater  profile  for  the  case  of  a 
stationary  electron  beam.) 


the  sputtered  crater.     The  reason  for  the  en- 
hanced sputtering  rate  is  probably  due  to 
electron  stimulated  desorption  of  oxygen. 
The  enhancement  of  the  sputtering  rate  is  not 
uniform  across  the  area  of  the  electron  bea'm; 
therefore,  the  measured  oxygen  density  de- 
creases gradually  until  the  main  portion  of 
the  sputtered  crater  reaches  the  interface. 

(J.  S.  Johannessen^'^  and  W.  E.  Spicer^) 
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Figure  19.     Additional  broadening  of  an  inter-  ^ 
face  at  a  depth  of  100  nm  due  to  flux  inhomo- 
geneity  in  rastered  ion  beams  of  normal  (a) 
and  defective  (o)   ion  guns. 
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of  an  oxide-silicon  (or  other)  interface,  the 
electron  beam  is  slowly  swept  in  a  line  scan 
across  the  portion  of  the  crater  edge  which 
exposes  the  interface.     The  Auger  spectrum 
of  an  element  is  recorded.     In  this  manner 
elemental  profile  shapes  essentially  identi- 
cal to  those  of  conventional  depth  profiling 
are  obtained.     The  abscissa  now  becomes  the 
position  of  the  electron  beam  on  the  crater 
edge,  which,  from  a  knowledge  of  the  ion  beam 
current  density  and  the  associated  sputter 
rates,  can  be  transformed  to  a  distance  nor- 
mal to  the  specimen  surface.     Although  a  num- 
ber of  elements  can  be  recorded  simultaneous- 
ly by  using  a  multiplexer,  repetitive  scans 
can  be  made  across  the  interface,  so  there  is 
no  absolute  need  to  multiplex. 

This  procedure  was  tested  by  carrying  out  ex- 
periments on  specimens  with  50-  to  150-nm 
thick  oxides  thermally  grown  on  phosphorus- 
doped  silicon  [61].     The  experimental  geome- 
try is  shown  in  figure  21a;  the  rastered  1- 
keV  ion  beam  (current  density  ~  40  yA/cm^) 
formed  an  approximately  elliptical  crater  as 
shown  in  figure  21b.     The  ion  beam  current 
density  as  measured  along  the  x-direction 
through  the  focal  point  of  the  analyzer  by 
using  a  small  Faraday  cup  is  shown  in  figure 
21c. 

In  an  experiment  to  compare  conventional 
depth  profiling  with  crater  edge  profiling 


the  specimen  was  depth  profiled  to  the  inter- 
face as  determined  by  monitoring  oxygen,  and 
then  for  an  additional  time  equal  to  20  per- 
cent of  the  time  that  it  took  to  reach  the  in- 
terface.    The  additional  sputtering  time  was 
chosen  such  that  the  position  of  the  inter- 
face was  along  a  relatively  linear  part  of 
the  ion  current  density  distribution  of  fig- 
ure 21c.     The  width  of  the  crater  at  the  in- 
terface along  the  x-direction  should  then  be 
given  by  the  width  of  the  current  density  dis- 
tribution at  five-sixths  of  maximum.  This 
was  checked  and  the  widths  were  found  to  be 
identical  within  the  experimental  error  of 
0.1  mm,  giving  confidence  that  the  slope  of 
the  crater  wall  may  also  be  obtained  from  the 
slope  of  the  current  density  distribution  pro- 
vided that  the  sputtering  rate  is  known  and 
that  it  remains  unchanged  across  the  inter- 
face . 

Line  scans  for  oxygen,  phosphorus,  and  ele- 
mental silicon  were  made  along  a  530-ijm 
length  of  the  crater  edge  which  included  the 
oxide-silicon  interface  (C  to        in  fig.  21b). 
The  results  are  shown  in  figure  22.     From  the 
slopes  of  the  oxygen  curve  and  the  crater 
wall  (fig.  21c)  the  interface  width  was  found 
to  be  5.0  ±  0.2  nm  as  compared  with  the  value 
of  4.9  ±  0.2  nm  obtained  from  the  initial 
depth  profile.     Of  chief  significance,  how- 
ever, is  the  relative  ease  with  which  the 
measurement  could  be  repeated. 
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Orientation  of  electron  and  ion  beams  relative  to  the  specimen  normal,  n.  The  axis,  yj, 
is  the  projection  of  the  y-axis  on  the  specimen  surface.  The  projection  of  the  ion  beam 
on  the  specimen  surface  is  at  an  angle  57  deg  from  the  x-axis. 

Ion-beam  crater  in  the  plane  of  the  specimen  surface.  The  ellipse  represents  exposed  in- 
terface; to  obtain  the  profile,  a  line  scan  is  made  along  the  x-axis  between  C  and  C^. 

Ion  current  density  measured  along  the  x-axis  through  the  focal  point  of  the  cylindrical 
mirror  analyzer  (z=0) .     The  interface  occurs  at  a  position  equal  to  five-sixths  of  the 
crater  depth. 

Figure  21.     Geometry  for  crater-edge  profiling  using  Auger  electron  spectroscopy. 
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ASYMPTOTE 


X-SCAN  (mm) 


Figure  22.  Line  scans  for  oxygen,  phosphorus, 
and  elemental  silicon  across  the  interface  be- 
tween the  points  C  and       on  the  x-axis. 


The  crater  edge  interface  analysis  technique 
can  be  used  as  an  adjunct  to  the  conventional 
technique  but  in  many  cases  it  can  be  used 


quite  independently  since  the  positioning  of 
the  electron  beam  during  sputtering  is  much 
less  critical  when  the  monitoring  of  Auger 
peaks  is  mainly  to  determine  the  time  to  an 
interface.     In  many  cases  the  sputtering  may 
be  rapid  and  fears  of  bulldozing  too  rapidly 
through  the  interface  are  no  longer  important, 
since  the  sputtering  and  analysis  are  now 
separated.     When  there  is  difficulty  in  mea- 
suring details  of  the  ion  beam  shape,  the 
slope  at  an  interface  can  be  calibrated  by 
making  a  good  conventional  depth  profile  from 
which  the  interface  width  can  be  measured. 
Obviously  not  all  interface  analysis  lends 
itself  to  this  technique  since  in  a  macro- 
scopic sense  the  films  must  be  uniform,  paral- 
lel to  the  surface  over  a  distance  of  a  few 
millimeters.     However,  films  of  this  degree 
of  uniformity  are  not  uncommon. 

(N.  J.  Taylor"^, 
J.  S.  Johannessen^^ ,  and  W.  E.  Spicer^) 
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5.    MATERIALS    AND    PROCEDURES  FOR 
WAFER  PROCESSING 


5.1.    Sodium  Contamination  in  Oxidation  Fur- 
naces* 

Additional  experiments  verified  the  previous 
conclusion  (NBS  Spec.  Publ.  400-25,  pp.  29- 
30)  that  despite  its  great  sensitivity  for 
free  sodium,  the  resonance  fluorescence  meth- 
od [62]  is  not  adequate  to  detect  sodium  con- 
tamination in  furnace  tube  atmospheres  at 
1000°C  which  produce  oxide  films  with  sodium 
contamination  of  the  order  of  10^^  cm"^. 

To  investigate  the  relationship  between  free 
sodium  density  and  the  density  of  sodium  com- 
pounds ,  thermodynamic  calculations  were  made 
to  determine  the  equilibrium  partial  pres- 
sures of  various  species  at  1300  K  in  oxygen 
flowing  at  4  cm^/s.     It  was  assumed  that  the 
source  of  sodium  was  the  contamination  in  the 
fused  silica  tube  wall  which  generally  has  an 
average  sodium  content  of  about  10  ppm  by 
weight  [63].     Because  of  errors  and  approxi- 
mations in  thermodynamic  data  involved  in 
these  equilibrium  calculations  an  absolute 
error  of  ±50  percent  could  be  expected,  al- 
though the  relative  error  of  these  results  is 
believed  to  be  much  smaller. 

The  results  of  these  calculations  [64]  are 
summarized  in  table  8  which  lists  both  par- 
tial pressures,  P,  of  appropriate  compounds 
and  density  of  sodium,  N,  for  several  levels 
of  water  content  in  the  oxidation  atmosphere. 
For  dry  oxygen,  free  sodium  is  the  predomi- 
nant species  but  as  water  vapor  is  added  the 
total  sodium  density  increases  significantly 
because  of  the  formation  of  sodium  hydroxide. 
The  effect  of  the  added  water  vapor  is  illus- 
trated in  figure  23  which  also  includes  the 
results  of  calculations  made  for  1200  and 
1400  K. 

Calculations  were  also  made  to  establish  the 
effect  of  cleaning  the  furnace  tube  walls 
with  hydrogen  chloride  or  chlorine.     The  re- 
sults of  these  calculations  for  the  case  of  a 
10-percent  mixture  of  hydrogen  chloride  or 
chlorine  in  an  inert  carrier  gas  at  atmospher- 
ic pressure  are  summarized  in  table  9.  The 
calculations  indicate  a  pressure  of  NaCl  high- 
er than  the  vapor  pressure  for  NaCl(liq),  but 
under  the  actual  conditions,  equilibrium  is 
probably  not  reached.     Micro-droplets  of  liq- 
uid sodium  chloride,  if  formed  on  the  tube 
wall  hot  zone,  would  be  removed  by  the  gas 
stream  and  transported  to  a  cooler  tube  zone 
where  sodium  chloride  precipitates  on  the 
wall  (sodium  chloride  melts  at  801°C) .  This 


"transpiration  mechanism"  continues  while 
sodium  in  the  hot  zone  is  available  for  reac- 
tion.    The  sodium  chloride  formed  in  the  gas 
phase  also  is  carried  down  the  flushing  gas 
stream  and  condenses  at  the  cooler  zone  where 
the  temperature  is  appropriate. 

The  cleaning  action  can  thus  be  interpreted 
in  terms  of  relocating  sodium  in  the  tube,  de- 
pleting the  hot  zone  and  enriching  the  ex- 
haust tube  end  where  the  wall  temperature  is 
appropriate  for  condensation.    Assuming  that 
the  oxidation  tube  wall  surface  is  about  4000 
cm^  and  that  the  reaction  depth  in  the  wall 
is  10~^  cm,  the  total  reacting  volume  is  4 
cm^  or  about  10  g  of  fused  silica,  which  at  a 
10-ppm  sodium  content  in  the  fused  silica  is 
equivalent  to  0.1  mg  of  sodium  which  requires 
the  use  of  only  0.15  mg  of  chlorine  or  hydro- 
gen chloride  for  complete  reaction  equilib- 
rium. 

At  a  typical  flow  rate  of  4  cm^/s  (0.5  scf /h) , 
this  quantity  of  chlorine  or  hydrogen  chlo- 
ride is  transported  through  the  oxidation 
tube  in  about  1/2  s.     Thus  the  reaction  rate 
is  regulated  by  diffusion  of  sodium  in  the 
fused  silica.     When  sodium  in  the  wall  bulk 
diffuses  to  the  wall  surface,  the  reaction 
with  chlorine  effectively  takes  place  immedi- 
ately.    In  practice,  a  cleaning  period  of 
about  20  h  is  generally  used  to  deplete  the 
tube  wall.     The  longer  the  cleaning  period, 
the  longer  the  oxidation  tube  can  later  be 
operated  under  acceptable  oxide  growing  con- 
ditions. (S.  Mayo  and  W.  H.  Evans''')  \< 

5.2.    X-Ray  Dose  in  Electron-Beam  Evaporators* 

Additional  calculations  were  made  to  estimate 
the  x-ray  dose  received  by  the  oxide  films  in 
MOS  structures  with  aluminum  or  chromium  gate 
electrodes  deposited  by  electron-beam  evapora- 
tion [40].     Results  of  a  preliminary  experi- 
ment (NBS  Spec-  Publ.  400-17,  pp.  20-21)  sug- 
gested that  an  absorbed  dose  of  the  order  of 
1  kGy  (0.1  Mrads(Si02))  is  received  during 
the  evaporation  of  a  1-ym  thick  aluminum  film 
over  silicon  dioxide  with  10-keV  electrons. 


Principally  funded  by  the  Defense  Nuclear 
Agency. 
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Table  8  -  Equilibrium  Partial  Pressures  and  Sodium  Densities  in  Fused  Silica  Oxidation  Tubes 
at  1300  K  as  a  Function  of  Water  Content  in  Flowing  Oxygen 


Water  Content,  ppm:  0  1  30 


Compound  P,  atm  N,  cm'^  P,  atm  N,  cm'^  P,  atm  N,  cm'^ 
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Figure  23.     Sodium  density  in  tiie  atmosphere 
of  a  fused  silica  oxidation  tube  as  a  func- 
tion of  water  vapor  content  at  temperatures 
from  1200  to  ]kOO  K. 
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Table  9  —  Equilibrium  Partial  Pressures  and  Sodium  Densities  in 
Tubes  at  1300  K  With  an  Atmosphere  of  10%  Hydrogen 
Chloride  or  Chlorine  in  an  Inert  Carrier  Gas 


Compound 

10% 

HCl 

10% 

CI2 

P,  atm 

N,  cm- 3 

P,  atm 

N,  cm- 3 

NaCl 

5 

5  X  10-3 

3.1  X  1016 

1 

4  X  10-2 

7.9  X  1016 

Na^Cl2 

8 

2  X  10-'^ 

9.3  X  1015 

5 

4  X  10-3 

6     X  10I6 

H2O 

3 

6  X  10-3 

O2 

6 

3  X  10-3 

37 


MATERIALS  AND  PROCEDURES  FOR  WAFER  PROCESSING 


ALUMINUM 


kTOTAL 

»Ka  CONTRIBUTION 


0  5  10  15  0  5  10 

ELECTRON  BEAM  ENERGY  (keV) 

Figure  2k.     Total   ionizing  dose  deposited  in 
the  oxide  layer  as  a  function  of  electron- 
beam  energy  during  the  electron-gun  evapora- 
tion of  aluminum  and  chromium.     (See  text  for 
evaporation  conditions.) 
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Figure  25.     Total   ionizing  dose  deposited  in 
the  oxide  layer  as  a  function  of  the  deposi- 
tion rate  of  aluminum  and  chromium  in  an  e- 
gun  evaporation  system.     (See  text  for  evapo- 
ration conditions.) 
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Figure  26.     Total    ionizing  dose  deposited  In 
the  oxide  layer  as  a  function  of  chromium 
layer  thickness  during  the  e-gun  evaporation 
of  chromium  or  of  a  1  -pm  thick  aluminum  layer 
over  chromium.     (See  text  for  evaporation  con- 
d  i  t  i  ons . ) 


Figure  27.    Absorbance  of  x-ray  energy  in 
nylon  film  dosimeter  as  a  function  of  the 
electron  charge  incident  on  aluminum  in  an  € 
gun  evaporator.     (Solid  points  are  measured 
values,  dashed  curve  is  the  signal  due  to 
optical  radiation,  solid  curve  is  the  cor- 
rected x-ray  dose.) 
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The  results  of  calculations  of  absorbed  dose 
as  a  function  of  electron-beam  energy  are 
shown  in  figure  24.     The  calculations  were 
made  for  the  case  of  the  deposition  of  alumi- 
num or  chromium  metallization  on  a  50-mm  di- 
ameter silicon  wafer  covered  with  a  100-nm 
thick  layer  of  silicon  dioxide  and  located 
about  500  mm  from  the  melt.     The  wafer  sub- 
tends a  solid  angle  of  0.01  sr.     For  each  en- 
ergy, the  beam  current  was  taken  as  the  value 
necessary  to  maintain  the  beam  power  at  5  kW. 
A  typical  deposition  rate  of  3  nm/s  was  as- 
sumed and  the  process  was  continued  for  333  s 
in  order  to  deposit  1  ym  of  metal. 

With  this  set  of  parameters,  the  absorbed  ra- 
diation dose  in  the  oxide  due  to  both  K  and 

a 

and  bremsstrahlung  radiation  was  calculated 
as  a  function  of  beam  energy.     In  the  range 
5  to  15  keV  the  absorbed  dose  was  found  to  be 
essentially  independent  of  energy;  approxi- 
mately 60  kGy  (6  Mrads(Si02))  was  absorbed  in 
the  oxide  film  for  aluminum  evaporation  and 
approximately  20  kGy  (2  Mrads(Si02))  for 
chromium  evaporation.     It  should  be  noted 
that  no  significant  dose  reduction  can  be  ex- 
pected during  aluminum  evaporation  by  oper- 
ating the  electron  gun  at  energies  below  1.5 

keV,  where  the  aluminum  K    x-ray  is  not  ex- 

a 

cited,  because  of  the  increase  in  the  brems- 
strahlung radiation  at  low  energies. 

To  evaluate  the  shielding  effect  of  the  metal 
film,  the  x-ray  dose  in  the  oxide  was  evalu- 
ated under  the  assumption  that  the  metal  ab- 
sorbed no  energy.     At  a  beam  energy  of  10  keV 
the  aluminum  film  was  found  to  reduce  the  ab- 
sorbed dose  in  the  oxide  by  a  factor  of  1.7 
while  the  chromium  film  was  found  to  reduce 
it  by  a  factor  of  3.9.     The  calculation  of 
energy  deposited  per  unit  thickness  of  oxide 
indicated  that  the  dose  is  essentially  uni- 
formly distributed  throughout  the  oxide,  be- 
ing only  approximately  10  percent  higher  at 
the  metal-oxide  interface  than  at  the  oxide- 
silicon  interface. 

The  effect  of  absorbed  dose  on  the  metal  de- 
position rate  was  calculated  for  several  beam 
energies.     The  radiation  dose  for  depositing 
1  ym  of  metal  as  a  function  of  deposition 
rate  is  given  for  a  beam  energy  of  10  keV  and 
a  beam  current  of  0.5  A  in  figure  25;   the  re- 
sults of  calculations  at  other  beam  energies 
were  similar. 

These  calculations  are  based  on  the  assump- 
tion of  the  deposition  of  equal  thicknesses 
of  aluminum  and  chromium  for  comparison. 
However,  in  actual  practice,  a  chromium  gate 


layer  of  100  to  300  nm  would  probably  have 
about  1  ym  of  aluminum  deposited  over  it. 
Assuming  the  depositions  are  carried  out  with 
a  10-keV  electron  beam  at  0.5  A  yielding  a 
deposition  rate  of  2  nm/s,  figure  26  illus- 
trates both  the  dose  absorbed  in  the  oxide  as 
a  function  of  chromium  thickness  and  the  dose 
absorbed  in  the  oxide  with  a  1-ym  thick  alu- 
minum layer  deposited  over  the  chromium  layer 
of  thickness  as  shown  on  the  abscissa.  The 
shielding  effect  of  the  chromium  is  clearly 
illustrated. 

The  discrepancy  between  the  results  of  these 
calculations  and  the  preliminary  experimental 
results  is  thought  to  arise  from  the  sensitiv- 
ity of  the  thermoluminescent  dosimeters  (TLBs) 
used  to  measure  the  absorbed  dose  to  in-situ 
annealing  effects  caused  by  optical  radiation 
and  thermal  effects  due  to  the  kinetic  and 
condensation  energies  of  the  metal  film  being 
deposited.    A  temperature  rise  during  irradi- 
ation causes  a  well  known  glow  peak  indica- 
tive of  release  of  trapped  electrons.  The 
net  reading  after  irradiation  of  TLBs  in  con- 
tact with  a  silicon  wafer  therefore  corre- 
sponds to  only  a  fraction  of  the  actual  dose 
deposited . 

Therefore  to  test  the  accuracy  of  the  calcu- 
lations, a  second  experiment  was  performed  in 
which  polychlorostyrene  and  nylon  film  dosim- 
eters, 50  and  60  ym  thick  respectively,  were 
used  to  measure  the  x-radiation  produced  in 
the  electron-beam  evaporator.     These  films 
were  exposed  at  the  normal  wafer  location  in 
the  evaporator  while  a  10-keV  electron  beam 
impinged  on  aluminum.     The  beam  intensity  was 
reduced  to  0.04  A  while  the  crucible  contain- 
ing the  metal  was  cooled  to  prevent  any  alumi- 
num evaporation.     Under  these  conditions,  an 
x-ray  exposure  equivalent  to  that  obtained  in 
a  typical  metal  deposition  is  obtained  pro- 
vided the  total  number  of  electrons  (or  total 
charge)  incident  on  the  metal  is  equivalent 
to  that  during  metal  deposition.     Two  groups 
of  nine  1-cm^  polychlorostyrene  and  nylon 
films  were  exposed  in  pairs  to  increasing  x- 
ray  doses.     Figure  27  shows  the  measured  ny- 
lon film  absorbance  as  a  function  of  total 
electron  charge  incident  on  the  metal.  The 
measured  absorbance  must  be  corrected  to  ac- 
count for  the  sensitivity  of  the  film  to  op- 
tical radiation  which  is  present  in  the  evap- 
orator chamber  during  metallization.     The  fig- 
ure also  shows  the  correction  factor  and  the 
corrected  results  for  nylon  films.  Similar 
results  were  obtained  for  the  polychlorosty- 
rene films  which,  however,  required  no  correc- 
tion for  optical  sensitivity. 
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The  dose  absorbed  in  the  dyed  films  when  a 
10-keV  electron  beam  deposits  100  C  in  alumi- 
num was  calculated.     This  charge  incident  on 
the  metal  at  an  appropriate  current  is  typi- 
cal of  that  necessary  to  deposit  1  \im  of  alu- 
minum at  a  rate  of  about  3  nm/s.     The  calcula- 
lations  yielded  an  absorbed  dose  of  3.9  kGy 
(0.39  Mrads (nylon) )  and  4.5  kGy  (0.45  Mr ads 
(poly))  in  the  nylon  and  polystyrene  films, 
respectively.     This  compares  reasonably  well 
with  the  experimentally  measured  values  of 
4.3  kGy  (0.43  Mrads (nylon) )  and  3.0  kGy  (0.30 
Mrads (poly))  and  provides  the  basis  for  the 
deposited  dose  calculations  in  silicon  diox- 
ide films  during  the  metallization  process. 
Discrepancies  can  be  explained  in  terms  of  er- 
rors introduced  by  the  extrapolation  of  the 
aluminum  bremsstrahlung  below  2  keV. 

The  trends  in  x-ray  dose  due  to  the  electron- 
beam  metallization  process  illustrated  by 
these  calculations  can  be  used  in  examining 
experimental  results  on  device  hardness.  The 
deposition  of  chromium  results  in  reduced 
dose  when  compared  to  aluminum  deposited  un- 
der equivalent  evaporation  conditions.  How- 
ever, since  chromium  sublimates,  less  elec- 
tron beam  injection  power  is  necessary  to  de- 
posit a  chromium  layer  of  the  same  thickness 
as  an  aluminum  layer.     This  can  result  in  a 
significant  reduction  in  dose  absorbed  in  the 
oxide.     Several  experimenters  have  noted  that 
MOS  devices  fabricated  with  electron-beam 
evaporated  chromium  gates  exhibit  a  higher 
degree  of  radiation  resistance  than  devices 
fabricated  with  aluminum  gates  [65-68]. 
Gates  formed  by  depositing  aluminum  over  chro- 
mium result  in  a  reduced  x-ray  dose  in  the 
oxide  when  compared  to  gates  formed  only  of 
aluminum  as  illustrated  in  figure  26. 

An  attempt  to  reduce  the  electron-gun  damage 
in  the  fabrication  of  aluminum  gates  by  re- 
ducing the  electron-gun  beam  energy  to  about 
3  keV  and  reducing  the  deposition  time  to 
about  20  s  has  been  reported  [69].     The  au- 
thors concluded  that  even  under  these  condi- 
tions considerable  damage  to  the  oxide  oc- 
curred.    Figure  24  illustrates  that  reducing 
the  electron-beam  energy  does  not  reduce  the 
x-ray  dose  absorbed  in  the  oxide;  however, 
figure  25  indicates  that  reducing  the  evapo- 
ration time  (increasing  the  deposition  rate) 
can  reduce  the  oxide  dose. 

(S.  Mayo,  K.  F.  Galloway,  and  T.  F.  Leedy) 

5.3.    Ion  Implantation  Parameters 

This  task  is  concerned  with  the  development 
of  methods  for  measuring  critical  parameters 


associated  with  ion  implantation.  Study  of 
Schottky  barriers  for  use  in  measuring  im- 
planted profiles  by  the  capacitance-voltage 
(C-V)  technique  was  extended  to  the  case  of 
phosphorus-implanted  silicon.  As  part  of  a 
comprehensive  study  of  methodology  for  dose 
measurement,  the  characteristics  of  various 
current  integrators  were  investigated. 

Schottky -Barrier  Capaaitanae-Voltage  Tech- 
nique —  The  four  metallization  systems,  alu- 
minum, gold,  titanium-gold,  and  molybdenum- 
gold,  previously  studied  on  boron-implanted 
silicon  (NBS  Spec.  Publ.  400-25,  pp.  31-32), 
were  studied  on  cleaned,  natural  (unetched) 
surfaces.     Gold  consistently  yielded  recti- 
fying current-voltage  (I-V)  characteristics, 
stable  C-V  profiles,  and  barrier  capacitance 
in  the  range  200  to  400  pF/mm^.     Results  with 
aluminum  were  mixed;  some  barriers  yielded 
fairly  rectifying  I-V  characteristics,  satis- 
factory but  slightly  unstable  C-V  profiles, 
and  barrier  capacitance  in  the  range  200  to 
300  pF/mm^  while  others  yielded  non-rectify- 
ing I-V  characteristics,  unstable  C-V  pro- 
files, and  barrier  capacitance  in  the  range 
2000  to  3000  pF/mm2.     Molybdenum-gold  yielded 
poorly  rectifying  I-V  characteristics,  bar- 
rier capacitance  of  the  order  of  1600  pF/mm^, 
and  C-V  profiles  which  were  only  occasionally 
satisfactory.     Titanium-gold  yielded  resis- 
tive I-V  characteristics,  barrier  capaci- 
tances in  the  range  1000  to  5000  pF/mm^,  and 
no  C-V  curves . 

The  quality  of  the  I-V  characteristic  and  the 
value  of  the  barrier  capacitance  are  good  in- 
dicators to  determine  whether  the  C-V  curve 
is  going  to  be  good  or  bad.     For  satisfactory 
C-V  profiles,  the  I-V  characteristics  should 
be  at  least  fairly  rectifying  and  the  barrier 
capacitance  should  be  in  the  range  from  200 
to  400  pF/mm^.     It  was  found  that  the  metal 
film  thickness  should  be  about  100  nm;  films 
less  than  50  nm  or  more  than  200  nm  thick 
were  likely  to  yield  poor  or  time-dependent 
C-V  curves.     In  the  case  of  silicon  implanted 
with  phosphorus,  gold  is  the  preferred  metal- 
lization material. 

Dose  Measurement  Technology  —  Measurement  of 
the  ion  beam  current  density  and  integration 
of  the  beam  current  for  dose  measurement  are 
important  parts  of  the  implantation  process 
and  must  be  done  before  as  well  as  during  im- 
plantation.    Figure  28  shows  a  typical  target 
configuration  for  characterizing  the  ion  beam 
before  beginning  an  implantation  step.  The 
suppressor  electrode  is  maintained  at  a 
slightly  negative  potential  with  respect  to 
the  target  collector  in  order  to  reduce  er- 
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Figure  28.     Typical  target  configuration  for 
characterizing  the  ion  beam  before  ion  im- 
plantation. 


rors  in  current  measurement  which  would  re- 
sult from  the  emission  of  secondary  electrons 
for  the  target  collector.     The  dimensions  and 
spacing  of  the  various  electrodes  can  be 
changed  to  provide  for  differences  in  target 
area. 

In  order  to  obtain  a  uniform  ion  current  over 
large  areas,  the  beam  must  be  scanned  in  both 
vertical  and  horizontal  directions  or  the  tar- 
get must  be  scanned  mechanically.     The  ratio 
of  scanning  frequencies  is  usually  such  that 
a  series  of  high  frequency  pulses  is  superim- 
posed on  a  series  of  low  frequency  pulses .  . 
Since  the  area  of  the  ion  beam  itself  is  much 
smaller  than  the  area  of  the  circular  defin- 
ing aperture,  this  type  of  scanning  produces 
a  square  pattern  over  the  aperture  as  shown 
in  the  inset  of  figure  29.     The  ratio  of  the 
area  of  the  circular  defining  aperture,  -nd^/k, 
to  the  area  covered  by  the  beam  scan,  D^, 
which  is  known  as  the  overscan  efficiency,  is 
a  measure  of  the  utilization  of  the  ion  beam. 
As  shown  in  figure  29,  this  is  about  80  per- 
cent for  the  case  where  the  scanned  area 
fills  the  entire  circular  aperture  (D=d)  and 
•drops  to  less  than  10  percent  when  the  beam 
is  overscanned  one  full  target  diameter  on 
each  side  of  the  aperture  (D=3d) ,  a  condition 
necessary  if  the  beam  shape  is  badly  dis- 
torted. 

During  the  set-up  procedure,  the  Faraday  cup 
current  (see  fig.  28)  can  be  compared  with 
the  total  target  collector  current  to  deter- 
mine when  the  current  density  is  equal  in  the 
two  areas.     Typical  plots  of  the  two  current 
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Figure  29.     Scanning  geometry  and  overscan 
efficiency.     (Overscan  {%)  =  [(D/d)-1]  x  100; 
overscan  efficiency  {%)  =  (-nd^/kD^)   x  100.) 


densities  are  shown  in  figure  30.     With  no 
scanning  voltage  applied,  the  steady-state 
ion  beam  is  centered  on  the  cup  and  shows  a 
relatively  high  reading  depending  on  how  well 
the  beam  can  be  focused.     As  the  scanner 
voltage  is  increased,  the  beam  starts  to  move 
back  and  forth  across  the  cup,  resulting  in  a 
series  of  pulses  which  are  averaged  by  the 
current  measuring  instrument  (an  electrometer, 
for  example).     The  target  collector  current- 
measured  by  a  current  integrator  remains  es- 
sentially the  same,  increasing  slightly  as 
less  current  is  collected  by  the  cup,  until 
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Figure  30.     Target  current  densities  as  a 
function  of  scanner  voltage  for  an  SA-keV 
boron  ion  beam.     (•:  collector  cup  current; 
total  target  current.) 
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the  scan  voltage  is  high  enough  to  deflect 
the  beam  past  the  aperture  defining  the  tar- 
get collector  area.     As  the  voltage  increases 
beyond  this  point  the  target  collector  cur- 
rent drops  proportionately.     When  the  collec- 
tor cup  current  density  and  the  total  collec- 
tor current  density  are  equal,  a  satisfactory 
beam  uniformity  is  obtained  over  the  entire 
target  area.     For  the  case  shown  in  figure  30 
the  current  densities  are  equal  for  current 
densities  less  than  about  one-fourth  of  the 
unscanned  target  current  density.     From  fig- 
ure 29 ,  this  is  seen  to  be  equivalent  to  an 
overscan  of  about  80  percent  so  that  the  beam 
deflection  distance,  Q,  is  equal  to  1.8  times 
the  diameter  of  the  defining  aperture. 

Measurement  of  target  area  is  critical  in  de- 
termining the  correct  implantation  dose.  It 
is  advisable  to  use  a  calculated  area  based 
on  the  physical  measurements  of  the  system 
being  used.     The  distances  between  the  scan- 
ner, target,  and  defining  aperture  must  be 
known  to  calculate  the  ratio  by  which  the 
target  area  is  larger  than  the  defining  aper- 
ture.    Other  methods,  such  as  measurement  of 
visible  implanted  areas,  are  subject  to  a  num- 
ber of  uncontrolled  factors,  such  as  beam 
size  and  instability,  that  cause  shifting  of 
the  beam  and  uncertainty  in  the  location  of 
the  implanted  region  boundaries. 

As  the  beam  passes  over  the  center  of  the 
target  in  the  typical  80-percent  overscan 
case,  the  integrator  measures  a  square-wave 
type  pulse.     The  pulse  width  gradually  de- 
creases with  distance  from  the  center,  becom- 
ing zero  during  the  maximum  levels  of  the 
slower  sweep  voltage.     The  integrator  must 
therefore  be  capable  of  measuring  this  wide 
variety  of  pulse  widths  which  ranges  from 
zero  to  about  250  vis. 

In  order  to  investigate  the  accuracy  of  the 
current  measurements,  two  sources  of  current 
were  used:     1)  actual  ion  beam  currents  ob- 
tained from  an  implantation  system  and  2)  sim- 
ulated current  pulses  obtained  from  a  pulse 
generator.     The  currents  in  both  instances 
were  measured  and  compared  using  five  differ- 
ent commercially  available  current  integra- 
tors as  well  as  other  current  measuring  in- 
struments.    The  readings  were  taken  from  dc 
conditions  to  10,000  pulses  per  second  (pps) . 
The  ion  beam  scanner  unit  used  was  variable 
over  a  range  from  20  to  2000  pps;  the  remain- 
ing frequencies  were  covered  with  the  pulse 
generator.     Average  current  readings  were 
checked  over  the  range  from  about  50  nA  to 
500  yA,  usually  with  a  50-percent  duty  cycle. 
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The  preliminary  conclusions  from  these  stud- 
ies are  that  all  the  current  integrators 
agree  within  a  few  percent  for  dc  conditions, 
but  only  three  of  the  five  agreed  within  10 
percent  for  10  to  2000  pps.  Inconsistencies 
were  observed  between  1  and  10  pps;  above 
2000  pps  other  anomalies  were  observed. 
Therefore,  both  scan  frequencies  must  be  be- 
tween 10  and  2000  pps;  a  ratio  of  100  to  1 
between  the  horizontal  and  vertical  scan  fre- 
quencies was  found  to  be  most  desirable. 

Errors  related  to  measuring  current  pulses 
with  peak  amplitude  greater  than  the  full 
scale  setting  of  certain  of  the  current  in- 
tegrators were  also  encountered.     All  the 
current  integrators  performed  well  for  peak 
ion  beam  currents  less  than  1  \iA;  four  were 
satisfactory  to  10  yA;   three,  to  100  yA;  and 
two  to  1  mA.     Significant  inaccuracies  were 
observed  for  higher  beam  currents.     Since  the 
present  trend  in  industry  is  toward  the  use 
of  implantation  currents  of  the  order  of  1 
mA  or  more,  these  inaccuracies  may  cause  dif- 
ficulties in  defining  and  comparing  implanta- 
tion conditions. 

(R.  G.  Wilson^  and  D.  M.  Jamba § ) 


5.4.    Passivation  Integrity 

A  corona  discharge,  reverse  decoration  tech- 
nique was  found  to  be  a  rapid,  nondestructive 
method  for  decorating  cracks  and  other  de- 
fects in  passivation  overcoats  [70].     This  is 
a  two-step  method.     In  the  first  step,  ions 
from  a  glow  discharge  at  atmospheric  pressure 
are  deposited  on  insulating  regions  of  the 
device.     Then  the  device  is  immersed  in  a  sus- 
pension of  oppositely  charged  particles  which 
are  attracted  to  the  charged  insulating  re- 
gions . 

The  charging  process  is  illustrated  schema- 
tically in  figure  31.     The  source  of  ions  is 
an  array  of  seven  parallel  40-ym  diameter 
nickel  alloy  wires,  1.8  cm  apart,  held  in  a 
plastic  frame  in  a  horizontal  plane.  The 
power  supply  is  typically  an  rf-type,  high- 
voltage,  dc  source  capable  of  ±10  kV  and  a 
maximum  current  of  10  mA.     A  grounded  plate, 
not  shown  in  the  figure,  is  placed  about  3  cm 
above  the  wires  to  provide  greater  current 
uniformity  and  to  protect  the  wires  from  me- 
chanical damage.     The  specimen  is  placed  on  a 
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Figure  31-  Schematic  representation  of 
corona  charging  with  positive  ions. 


grounded  plate  about  2  cm  below  the  wire  ar- 
ray. 

The  charging  process  is  carried  out  in  a  ni- 
trogen atmosphere  with  about  25-percent  rela- 
tive humidity  for  15  to  20  s.     It  was  estab- 
lished that  the  charging  of  a  surface  contain- 
ing closely  spaced  insulator  and  conductor  re- 
gions is  limited  mainly  by  the  conducting  ar- 
eas.    As  the  ions  collect  on  the  insulator 
they  generate  an  electric  field  in  the  gas 
ambient  which  causes  subsequent  ions  to  move 
toward  the  regions  of  ground  potential  before 
arriving  at  the  wafer  surface.     Thus,  for  the 
geometries  of  interest,  the  oxide  surface 
voltage  is  not  determined  by  the  oxide  break- 
down potential  (except  for  very  thin  oxides 
or  very  large  insulator  areas) . 

The  ambient  relative  humidity  must  be  con- 
trolled to  prevent  lateral  current  flow  on 
the  oxide  surface.     The  oxide  surface  volt- 
age decay  rate  after  charging  was  found  to 
increase  greatly  above  30-percent  relative 
humidity  for  thermal  silicon  dioxide,  chemi- 
cal vapor  deposited   (CVD)  silicon  dioxide, 
and  CVD  phosphosilicate  glass  (PSG) .     The  sur- 
face voltage  also  decays  rapidly  if  the  bulk 
conductivity  of  the  oxide  is  high  due  to  the 
presence  of  moisture.     Thus,  for  some  wafers 
with  CVD  silicon  dioxide  or  PSG  passivation, 
it  was  found  to  be  necessary  to  remove  ad- 
sorbed or  absorbed  water  before  charging. 
This  can  be  done  by  heating  in  room  air  at 
200°C  for  5  min.     This  has  been  made  the  ini- 
tial step  in  the  standard  charging  process  to 


ensure  retention  of  surface  charge  on  the 
specimen. 

This  procedure  is  satisfactory  for  devices  or 
wafers  in  which  the  passivating  layer  has 
been  etched  open  at  the  contact  pads  or  at 
the  grid  lines.     These  etched  regions  furnish 
the  closely  spaced  insulator-conductor  geome- 
try required  so  that  the  surface  voltage  does 
not  depend  on  whether  the  passivating  layer 
is  over  metal  or  over  insulator.     It  is  also 
possible  to  decorate  wafers  before  the  passi- 
vation layer  is  etched  open  by  placing  a 
grounded  conducting  grid  over  the  wafer  dur- 
ing the  charging.     A  convenient  grid  consists 
of  an  aluminum  sheet  0.8  mm  thick  with  3.5-cm 
diameter  holes  on  5.0-cm  centers.     When  the 
grid  is  used,  charge  is  deposited  only  at 
openings  in  the  grid .     The  entire  wafer  can 
be  charged  if  the  grid  is  moved  laterally  dur- 
ing charging  while  it  is  spaced  about  0.3  mm 
above  the  wafer. 

An  important  consequence  of  the  charging  prop- 
erties is  that  the  surface  charge  and  poten- 
tial around  a  defect  decreases  laterally  as 
the  defect  is  approached.     This  is  due  to  ion 
deflection  during  charging  and  to  surface  con- 
duction.    Thus,  there  is  a  margin  around  a 
crack  or  pinhole  of  lower  surface  potential 
than  the  potential  in  nondefect  areas.  This 
effect  increases  detectability  since  it  mag- 
nifies the  defects  as  far  as  charged  particle 
deposition  is  concerned.     The  margin  is  of 
the  order  of  25  ym  in  lateral  dimension. 

It  is  necessary  that  the  surface  charge  re- 
main on  the  passivating  layer  for  a  time 
about  equal  to  the  delay  between  charging  and 
deposition  plus  the  deposition  time.     The  di- 
electric relaxation  time  of  the  passivation 
layer  must  be  longer  than  the  total  time 
which  is  about  20  s.     Thus,  a  bulk  resistiv- 
ity of  about  10^^  Q'cm  or  greater  is  needed. 
The  resistivity  of  an  insulating  layer  may  be 
increased  by  reducing  its  temperature;  this 
can  be  accomplished  by  cooling  the  specimen 
during  charging  and  by  the  use  of  cooled  par- 
ticle suspensions. 

The  reverse  decoration  process  is  illustrated 
schematically  in  figure  32.     This  process  has 
been  accomplished  with  various  powders  includ- 
ing phosphors,  zinc  oxide,  and  lead  alumino- 
silicate  glass,  but  the  best  results  in  terms 
of  sensitivity  and  contrast  were  obtained  us- 
ing carbon  black  suspensions.    Various  carbon 
black  suspensions  were  tested.     These  in- 
cluded commercially  available  electrophoto- 
graphic toner  concentrates  and  specially  pre- 
pared formulations. 
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Figure  32.     Schematic  representation  of  the 

reverse  decoration  of  defects  with  negative 

ions  following  corona  charging  with  positive 
ions . 


Best  results  were  obtained  with  a  carbon 
black  suspension  prepared  in  the  following 
way.^    First,  a  concentrate  is  made  from  17.0 
g  Raven  1255  carbon  black  [71],  100.0  ml  tolu- 
ene, 10.0  ml  of  a  mixture  of  50  g  Lubrizol 
894  [72]  in  50  ml  toluene,  and  10.0  ml  of  a 
mixture  of  50  g  A-C  Polyethylene,  grade  430, 
[73]  in  90  ml  toluene.     These  materials  are 
readily  available.^'*    The  carbon  black  has  a 
mean  particle  diameter  of  22.0  nm  and  a  nitro- 
gen absorption  surface  area  of  130  m^/g.  The 
surface  of  the  carbon  black  as  supplied  is 
acidic  by  addition  of  volatiles  [71].  Lubri- 
zol 894  is  an  ashless  dispersant  additive  for 
heavy  duty  engine  oils;  the  weight  percent  of 
nitrogen  ranges  from  1.65  to  1.95  percent 
[72].     A-C  Polyethylene,  grade  430,  is  a 
polyethylene-vinyl  acetate  copolymer  (30  per- 
cent vinyl  acetate) ;  its  softening  point  is 
60°C  [73].     The  concentrate  is  agitated  for 
about  5  min  with  a  100-W  ultrasonic  probe  to 
disperse  the  carbon  black. 

To  make  the  dilute  suspension,  about  1  ml  of 
the  concentrate  is  added  to  400  ml  of  Freon 
TF'''*  and  stirred.     This  results  in  a  suspen- 
sion which  contains  about  0.1  g  of  carbon 
black.     This  amount  has  been  found  to  be  ade- 
quate for  decorating  at  least  ten  3-in.  (76- 
mm)  diameter  wafers.     Both  the  concentrate 
and  the  dilute  suspension  are  stable  for  long 
periods  (months).     In  this  suspension,  the 
carbon  black  is  negatively  charged  so  that 


positive  corona  potentials  are  used  for  re- 
verse decoration. 

Measurements  were  made  to  characterize  the 
electrical  state  of  the  carbon  particles  in 
the  dilute  suspension.     These  measurements 
involved  depositing  the  carbon  black  on  metal 
foils  while  recording  the  current  and  then 
weighing  the  deposited  carbon.     This  was  done 
as  a  function  of  applied  voltage  and  time. 
The  weight  of  carbon  black  deposited  and  the 
charge  transported  varied  approximately  lin- 
early with  voltage  and  time.     For  electrode 
spacings  of  1.7  cm  on  each  side  of  a  metal 
foil,  an  applied  voltage  of  10  V  for  4  min  re- 
sulted in  a  deposition  of  3.2  x  10"*^  g/cm^  of 
carbon  black.     The  average  charge  per  single 
particle  of  carbon  black,  with  the  assumption 
that  all  such  particles  were  22.0  nm  in  diam- 
eter and  singly  dispersed,  was  0.05  times  the 
electronic  charge.     Since  the  minimum  charge 
per  particle  is  one  electronic  charge,  it  is 
clear  that  the  carbon  black  is  aggregated  to 
at  least  a  factor  of  20  times.     This  aggrega- 
tion is  essential  for  obtaining  dense  black 
on  the  charged  insulator  surface. 

The  detection  of  cracks  and  pinholes  decorat- 
ed in  this  way  is  quite  convenient  under  mi- 
croscopic observation.     An  example  is  shown 
in  figure  33.     It  was  demonstrated  that  every 
.defect  detected  by  etching  of  the  underlying 
aluminum  through  the  defects  was  detected  by 
the  carbon  black  reverse  decoration  procedure. 
This  was  done  in  two  ways .     Wafers  and  chips 
were  decorated  with  carbon  black  and  photo- 
micrographs were  taken  of  crack  and  pinhole 
patterns.     The  carbon  black  was  then  removed 
and  the  aluminum  was  etched  (NBS  Spec.  Publ. 
400-25,  p.  33)  at  50°C  for  5,  7,  10  or  15  min. 
The  specimens  were  then  photomicrographed 
again  and  the  results  compared.     Hundreds  of 
micrographs  from  many  different  specimen 
types  were  compared,  and,  in  every  case,  all 
defects  detected  by  etching  were  also  clearly 
outlined  by  the  carbon  black.     In  the  second 
method,  specimens  were  decorated  with  carbon 
black  and  then  aluminum  etched  with  the  car- 
bon black  in  place.     Again,  the  correlation 
was  excellent.     An  example  of  the  latter  test 
is  shown  in  figure  34. 

The  density  of  demarcated  or  decorated  local- 
ized structural  defects  in  a  dielectric  layer 
can  be  determined  by  counting  the  number  of 


This  suspension  was  originally  formulated  by 
G.  S.  Lozier,  RCA  Laboratories. 

See  disclaimer,  p.  viii. 
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Figure  33-     Photomicrograph  of  reverse  deco- 
rated device  showing  high  contrast  which  ren- 
ders microscopic  evaluation  fast  and  sensi- 
tive.    (Magnification:  'vlOOx.) 

defect  sites  per  unit  area,  using  one  of  sev- 
eral microscopic  techniques  discussed  pre- 
viously [74].     The  choice  depends  on  the  uni- 
formity and  density  level  of  defects,  the 
type  of  material  used  in  decorating,  the  de- 
gree of  accuracy  required,  and  the  specific 
purpose  of  analysis.     Incident  white-light, 
bright-field  illumination  is  most  suitable 
for  observing  specimens  decorated  with  car- 
bon black.     The  magnification  used  should  be 
sufficient  to  allow  resolution  of  individual 
demarcated  defect  sites,  but  not  higher,  so 
that  the  largest  possible  specimen  area  is  in- 
cluded within  the  field  of  view.     It  is  im- 
possible to  specify  a  fixed  magnification 
that  would  hold  for  all  cases,  but  a  magnifi- 
cation in  the  range  from  50  to  500  diameters 
has  been  found  to  be  most  useful. 

I    The  greatest  difficulty  in  determining  the 
j    density  of  defects  by  any  method  concerns 
j    the  distribution  uniformity.     If  the  unifor- 
j    mity  of  distribution  is  "good",  counting  with- 
'    in  a  few  sites  may  provide  an  adequate  mea- 
j    sure  of  the  true  statistical  distribution. 
'    If  it  is  "fair",  which  is  the  most  common  oc- 
currence, examining  a  substantial  number  of 
■  areas  (5  to  15)  over  the  specimen  may  be  nec- 
essary to  arrive  at  a  valid  average  density 
'    value.     Specimens  with  "poor"  uniformity  are 
best  treated  by  dividing  it  into  "good", 
"fair",  and  "poor"  regions  and  computing  sep- 
arate density  values  for  each,  rather  than 
computing  a  meaningless  average  value. 

j    The  sampling  areas  for  counting  should  be 
spread  reasonably  uniformly  over  the  specimen 
surface.     If  the  specimen  is  a  device  wafer 


Figure  3^-     Photomicrograph  of  portion  of 
reverse  decorated  device  aluminum-etched  at 
50°C  for  5  min  without  removing  carbon  black. 
(Magnification:  '^325x;  etched  defects  appear 
inside  the  regions  without  carbon  black  as 
denoted  by  the  arrows.) 

or  is  otherwise  patterned,  one  may  choose  to 
examine  every  nth  unit,  and  count  the  defects 
within  that  defined  area.     If  the  specimen  is 
not  patterned,  then  the  microscope  stage  mi- 
crometer can  be  used  to  space  the  observation 
sites  uniformly  over  its  area.     The  circular 
area  of  the  microscope  field  of  view  for  the 
magnification  may  be  used  as  a  convenient 
unit.     Photomicrography  affords  a  useful  rec- 
ord of  the  defect  density  and  often  facili- 
tates counting  of  the  defect  sites,  especial- 
ly if  the  density  is  high;  it  also  provides 
an  accurately  defined  area  of  the  specimen 
surface . 

A  major  advantage  of  the  carbon  black  reverse 
decoration  method  is  the  high  optical  con- 
trast available  in  ref lected-light  microscopy. 
This  high  contrast  permits  a  fairly  simple 
form  of  automated  quality  assessment  with  a 
microscope-mounted  photocell  to  measure  the 
integrated  light  reflected  from  the  defect 
areas.     This  technique  is  much  simpler  than 
the  use  of  computer-implemented  image  analy- 
sis.   Although  the  latter  would  provide  a  de- 
fect count,  which  the  integrated  ref lected- 
light  method  does  not  furnish,  it  is  believed 
that  the  simple  method  explored  here  could  be 
used  in  a  production  facility  to  rank  wafer 
quality  and  set  a  pass,  no-pass  criterion. 

Initially,  photomicrographs  were  made  of  car- 
bon black  reverse  decorated  devices  on  inte- 
grated circuit  wafers.     Transparencies  made 
from  these  micrographs  were  then  mounted  in 
an  optical  system  so  that  a  collimated  light 
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beam  was  passed  through  the  transparency  and 
then  focused  on  the  faceplate  of  a  vacuum 
photocell  to  form  an  image  of  the  light 
source.     An  image  of  the  transparency  is  not 
desired  since  the  photocell  response  may  not 
be  uniform  across  the  faceplate.     The  current 
output  of  the  photocell  varies  linearly  with 
incident  light.     It  was  found  that  the  cur- 
rent output  varied  inversely  with  subjective 
judgments  of  device  quality  made  by  counting 
pinholes  and  estimating  crack  lengths. 

Based  on  these  preliminary  encouraging'  re- 
sults, a  photocell-microscope  system  was  as- 
sembled to  take  direct  readings  of  reflected 
light  from  decorated  wafers.     The  arrangement 
used  is  shown  schematically  in  figure  35.  By 
placing  a  plano-convex  lens  with  a  focal 
length  of  57  mm  at  the  end  of  the  camera  tube, 
an  image  of  the  light  source  field  stop  was 
obtained  at  the  photocell  faceplate  about  6 
cm  from  the  end  of  the  camera  tube.     The  pho- 
tocell employed  an  S-11  cathode  and  was  oper- 
ated at  100  V.     Light  intensity  was  adjusted 
to  give  convenient  current  levels  and  the 
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Figure  35.     Schematic  representation  of  mi- 
croscope modified  to  obtain  image  of  source 
field  Stop  at  the  photoceil   to  measure  the 
integrated  light  reflected  from  defective 
areas.     (Note  that  in  the  actual   (vertical  i 
lumination)  system  the  source  and  photocell 
are  on  the  same  side  of  the  specimen.) 


overall  magnification  was  chosen  so  that  a 
large  portion  of  the  circuit  was  visible,  but 
bond  pads  and  grid  lines  were  excluded. 
Shielding  prevented  introduction  of  ambient 
light.     Photocell  current  readings  were  tak- 
en on  20  circuits  of  each  of  two  wafers.  For 
the  "good"  wafer,  the  lowest  individual  cur- 
rent was  2.9  nA,  the  highest  was  5.5  nA,  and 
the  average  was  3.5  nA.     For  the  "bad"  wafer 
the  lowest  current  was  6.7  nA,  the  highest 
was  15  nA,  and  the  average  was  10  nA.  Pin- 
hole counts  on  these  wafers  resulted  in  a  dif 
ference  of  a  factor  of  two  in  defect  density. 
Thus,  the  photocell  current  measurement  can 
easily  detect  a  difference  of  a  factor  of  two 
in  pinhole  density  and  is  probably  more  sen- 
sitive than  this. 

The  only  fundamental  limitation  encountered 
thus  far  has  been  devices  with  regions  of 
metal  not  connected  to  the  semiconductor. 
This  floating  metal  is  brought  to  a  high  po- 
tential by  the  corona  so  that  the  metal  is 
outlined  with  carbon  black,  but  no  defects 
can  be  detected  over  it.     Thus,  the  process 
cannot  be  used  with  floating  gate  memory  de- 
vices, for  example,  unless  the  floating  metal 
can  in  some  way  be  grounded  or  connected  to 
the  semiconductor  body. 

The  carbon  black  can  be  removed  by  soaking 
the  specimens  in  toluene  for  15  min,  followed 
by  ultrasonic  agitation  in  toluene  and  rins- 
ing in  Freon  TF-^'"'    When  ultrasonic  energy  is 
used,  care  must  be  taken  to  avoid  specimen 
damage.     Contact  of  the  wafer  with  hard  sur- 
faces, such  as  beaker  sides  or  bottom,  should 
be  avoided.     It  has  been  found  that  careless 
use  of  the  ultrasonic  bath  has  actually 
caused  pinholes  in  previously  good  passivat- 
ing  layers. 

Several  experiments  were  conducted  to  estab- 
lish that  this  method  is  nondestructive. 
First,  a  set  of  device  wafers  was  aluminum 
etched  to  reveal  pinholes.     Then  the  wafers 
were  exposed  to  the  corona  discharge  at 
10,000  V  dc  for  various  times  ranging  up  to 
100  s.    After  the  corona  discharge,  aluminum 
etching  revealed  no  new  pinholes. 

In  a  second  test,  one  set  of  five  device  wa- 
fers was  reverse  decorated  with  carbon  black 
and  a  second  set  of  five  was  direct  decorated 
with  phosphor  (NBS  Spec.  Publ.  400-25,  p.  34) 
After  cleaning,  the  decoration  was  repeated. 
This  process  was  repeated  for  a  total  of  five 
times.     Only  one  wafer  showed  new  defects 
(pinholes).     During  cleaning,  this  wafer  had 
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been  placed  face  down  in  the  bottom  of  the 
ultrasonic  tank  and  it  is  believed  that  the 
mechanical  contact  caused  these  defects.  Sub- 
sequent tests  with  the  ultrasonic  tank  used 
in  this  manner  did  induce  defects. 

A  third  test  involved  automatic  probe  testing 
of  C-MOS  wafers.     These  were  chosen  since  it 
is  expected  that  C-MOS  devices  are  most  sus- 
ceptible to  static  electrical  damage.  Two 
3-in.   (76-ram)  diameter  C-MOS  device  wafers 
were  probed ,  and  a  map  was  made  of  good  and 
bad  devices.     Then  the  wafers  were  charged, 
decorated,  and  cleaned.     The  wafers  were 
probed  again.     One  wafer  showed  a  net  loss  of 
four  devices  out  of  about  130  good  devices, 
initially.     The  other  wafer  showed  a  net  gain 
of  five  devices  out  of  about  100  good  devices, 
initially.     These  variations  are  within  the 
normal  tolerance  of  repeated  wafer  probe  test- 
ing. 

It  was  concluded  that  the  process  of  corona 
charging  and  decoration  is  nondestructive. 
However,  since  no  life  tests  have  been  car- 
ried out  on  decorated  and  cleaned  devices , 
the  effect  of  this  test  on  service  life  and 
reliability  has  not  yet  been  directly  estab- 
!  lished.  (W.  Kern'^  and  R.  B.  Comizzoli^) 

I  5.5.    Process  Materials  Characterization 

Boron  Nitride  Diffusion  Sources  —  Transport 
I  studies  were  made  of  known  amounts  of  zinc 
il  from  simulated  boron  nitride  diffusion 
'!  sources.     Two  glasses,  which  were  designed  to 
I  simulate  the  oxide  layers  on  activated  boron 
:  nitride  of  two  types  (pure  and  mixed  with 
j  silica) ,  were  prepared  with  admixtures  of 
.':  0.75  mole  percent  zinc  oxide  [75].     One  of 
i  the  glasses  was  boron  oxide  (B2O3)  and  the 
1  second  was  a  borosilicate  glass  composed  of 
;!  silica  (3102)  and  boron  oxide  in  a  3  to  7 
[  weight  ratio.     The  transfer  experiments  were 
;  conducted  at  1000°C  in  a  dry  nitrogen  atmo- 
[:  sphere  for  times  up  to  12  h.     The  glass  which 
formed  on  the  surface  of  the  silicon  wafer 
was  analyzed  for  zinc  by  means  of  flameless 


Table  10  -  Zinc  Content  in  Glass  Transferred 
from  Doped  Borosilicate  Glass  to 
Silicon  at  1000°C 


Time,  h 

Zinc  Concentration, 
Trial  1 

ppm  (by  weight) 
Trial  2 

21 0 

295 

1.0 

65 

140 

2.0 

40 

100 

3.0 

70 

120 

4.0 

45 

100 

5.0 

440 

145 

12.0 

615 

135 

atomic  absorption.     In  the  case  of  the  B2O3 
glass,  no  zinc  transfer  was  observed  within 
the  detectability  limit  of  one  part  per  mil- 
lion by  weight.     The  zinc  content  of  the  boro- 
silicate glass  is  shown  in  table  10.     The  con- 
fidence limits  for  these  data  have  not  been 
established  at  this  time,  but  it  seems  likely 
that  the  variations  are  not  statistically  sig- 
nificant. (J.  Stach'^, 
T.  A.  Yager+,  and  R.  E.  Tressler'"') 

Hydrogen  Chloride  Gas  —  The  SOLGAS  program 
[76]  was  used  to  compare  the  equilibrium  par- 
tial pressures  at  1100°C  of  the  chemical  spe- 
cies in  the  hydrogen  chloride  (HCl)  and  tri- 
chloroethylene  (TCE)  oxidation  systems.  The 
most  significant  difference  is  that  the  par- 
tial pressure  of  water  vapor  in  the  TCE  sys- 
tem is  lower  by  an  order  of  magnitude  when 
compared  with  that  in  the  HCl  system  [77]. 
The  calculations  also  indicate  that  the  par- 
tial pressure  of  CIO  is  nearly  equal  in  both 
systems  whereas  the  partial  pressures  of  HCl, 
HO,  and  HOCl  are  approximately  five  times 
greater  in  the  HCl  system.  (R.  Tressler"*", 

W.  H.  Grubbs+,  M.  B.  Das+,  and  J.  Stach''") 


*^Work  performed  at  RCA  Laboratories  under 
NBS  Contract  No.  5-35913.     NBS  contact  for 
additional  information:     T.  F.  Leedy. 

"'"Work  conducted  at  the  Pennsylvania  State 
University  under  NBS  Contract  No.  5-35717. 
NBS  contact  for  additional  technical  in- 
formation:    R.  I.  Scace. 


6  .  PHOTOLITHOGRAPHY 


6.1.    Line-Width  Measurement  with  Spatially 
Filtered  Coherent  Optical  Radiation 

Measurement  of  the  widths  of  lines  and  spaces 
on  the  order  of  1  ym  wide  or  less  is  made  dif- 
ficult since  this  regime  lies  at  the  resolu- 
tion limit  of  optical  microscopes.     In  this 
regime,  imagery  tends  to  be  nonlinear  (see 
sec.  6.2.)  because  of  the  partial  coherence 
of  the  illumination.     The  nonlinearity  is 
generally  evidenced  by  edge  ringing  which  dis- 
torts the  image  of  the  line  edges. 

The  common  attachments  used  on  the  microscope 
for  line-width  measurement  are  the  filar  and 
image-shearing  eyepieces.     The  problems  in 
applying  these  when  measuring  narrow  lines 
have  been  detailed  previously  (NBS  Spec.  Publ. 
400-19,  pp.  34-41)   [78].     An  analysis  has  dem- 
onstrated that  these  problems  can  be  allevi- 
ated if  the  image  is  properly  spatially  fil- 
tered [79]. 

The  analysis  is  based  on  a  microscope  which 
employs  a  single-lens  coherent  optical  system 
as  shown  in  figure  36.     For  illustration,  an 
opaque  line  in  a  clear  background  is  shown  as 
the  object,  A.     The  objective  lens,  B,  as- 
sumed to  be  thin,  forms  a  real  image  in  the 
image  plane,  D,  a  fixed  distance,  Z^,  away. 
This  distance,  which  is  called  the  tube 
length,  has  been  standardized  at  about  160 
mm.     Although  an  ocular  is  added  in  a  micro- 
scope to  form  a  virtual  image  with  apparent 
magnification  given  by  the  product  of  the 
magnifications  of  both  elements,  the  signifi- 
cant imagery  is  carried  out  by  the  objective 
and  the  ocular  can  be  ignored  in  the  analy- 
sis.    The  Fourier  transform  of  the  object 
field,  the  complex  object  spectrum,  is  lo- 
cated at  a  plane,  C,  one  focal  length,  f,  be- 
hind the  lens . 

The  physical  makeup  of  the  microscope  in  the 
a-plane  determines  the  frequency  content  of 
the  image.     The  outer  aperture  of  the  system 
determines  the  spatial  frequency  limit  of 
this  plane;  the  origin  of  the  a-plane  is 
equivalent  to  optical  "dc",  and  spatial  fre- 
quency increases  linearly  outward  to  the  aper- 
ture limit.     A  clear  aperture  therefore  acts 
as  a  low-pass  filter,  passing  without  attenua- 
tion all  frequencies  below  its  upper  cutoff, 
but  truncating  all  those  above.     If  an  opaque 
line  of  width  2ai  is  inserted  in  the  center 
of  the  a-plane,  frequencies  lower  than  a^ 
will  also  be  truncated.     With  such  an  occlud- 
ing band-pass  filter,  it  can  be  shown  that 
the  image  of  an  opaque  line  in  a  clear  back- 
ground is  identical  with  that  of  a  clear  line 


in  an  opaque  background  [79].     For  an  optimum 
filter,  the  image  has  a  zero  intensity  at  the 
line-edge  image  locations;  examples  of  such 
images  are  given  in  figure  37.     The  optimum 
filter  is  defined  such  that 

ai  =  {l/[(2^)(2a)]}0Si-l{Si[(2^)(2aa2)]}  (9) 

where  is  the  lower  cutoff  frequency,  02  is 
the  upper  cutoff  frequency,  2a  is  the  width 

of  the  line,  Si[x]  =  jT'^  [  (sin?) /5  ]dC  (the  sine 

integral) ,  and  the  pre-superscript  zero  on 
the  inverse  sine  integral  indicates  that  the 
lowest  value  (between  0  and  tt)  must  be  taken. 
The  upper  cutoff  frequency  is  determined  from 

02  =  (NA)/X  (10) 

where  (NA)  is  the  numerical  aperture  of  the 
objective  lens  and  X  is  the  wavelength  of  the 
incident  illumination;  this  is  the  diffrac- 
tion limit.  Thus,  for  any  given  microscope 
system,  the  optimum  values  of  a^  and  02  are 
fully  defined  for  a  specific  line  width,  2a. 

Since  lines  of  unknown  test  width  cannot  a 
priori  be  paired  with  their  optimum  filters, 
measurements  must  be  made  on  images  formed  by 
non-optimum  filters.     To  assess  the  ability 
to  correct  routine  measurements  made  with  non- 


A    Object  plane,  with  an  opaque  line  as  the 

object 
B     P 1 ane  of  1  ens 

C    Plane  of  object  spectrum,  located  one  fo- 
cal  length  from  the  lens,  with  an  opaque 
obstacle  inserted  at  the  center  of  the 
field. 

D     Image  plane,  with  an  idealized  filtered 
image. 

Figure  36.  Sketch  of  the  single-lens  coher- 
ent optical  system,  showing  the  locations  of 
various  planes  and  coordinate  systems. 
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b .    Wi  dth  of  line:     5  ym . 


Figure  37-     Calculated  images  of  clear  lines 

of  wavelength  500  nm,  and  a  0.95  numerical  aperture  objective  lens.  (A 
image  without  filtering;  C:   image  with  optical  filtering.) 


in  opaque  backgrounds  for  coherent  illumination 

obj ect  line;  B : 


optimum  filters,  calculations  of  the  measured 
dimension  of  4.6-,  5.0-,  and  5.75-ijm  test 
line  widths  were  carried  out  for  filters  op- 
timized for  4.0-,  4.75-,  5.5-,  and  6.0-ym 
lines;  and  of  1.7-,  2.0-,  and  2.3-pm  test 
line  widths  for  filters  optimized  for  1.6-, 
1.8-,  2.1-,  and  2.4-ym  lines.     All  of  these 
calculations  were  made  for  objective  lenses 
with  numerical  apertures  of  0.5,  0.65,  and 
0.95.     These  calculations  [79]  showed  that 
when  the  lines  are  well-resolved  by  the  op- 
tics, as  are  the  lines  greater  than  4  ym  for 
all  the  numerical  apertures  used,  measure- 
ments can  be  corrected  to  less  than  1  percent 
of  their  actual  dimension  for  all  of  the  fil- 
ters used.     However,  when  the  lines  are  mar- 
ginally resolved  as  in  the  case  of  the  nomi- 
nal 2-Mm  grouping,  the  range  of  filters  with 
which  they  can  be  imaged  and  the  measurements 
corrected  is  greatly  reduced.     An  important 
result  of  the  calculations  shows  that  when 
the  measurements  can  be  corrected,  the  errors 
are  reduced  to  the  order  of  hundredths  of  a 
percent  for  all  numerical  apertures. 

The  problems  associated  with  misalignment  of 
the  filters  were  also  examined  [79].     The  ef- 
fect of  such  misalignment  is  to  change  the 
zero  intensity  at  the  line-edge  image  loca- 
tion to  a  minimum  because  a  shift  in  the  cut- 
off frequencies  results  in  unequal  portions 
of  positive  and  negative  sides  of  the  spec- 
trum passing  through  to  the  image.     The  larg- 
est error  is  produced  by  physically  misalign- 
ing the  lower  cutoff  filter.     However,  fabri- 
cation of  adequate  filters  should  be  well 
within  normal  machine  tolerances  since  the  ef- 


fects of  misalignment  of  optimum  filters  cor- 
responding to  these  tolerances  are  vanishing- 
ly  small,  and  no  significant  measurement  er- 
ror should  result. 

To  implement  this  filtering-measurement  sys- 
tem successfully  in  a  microscope,  it  is  clear 
that  the  lower  cutoff  frequency  must  be  ad- 
justable.    With  a  continuously  adjustable  fil 
ter,  once  a  test  line  is  placed  in  the  system 
the  lower  cutoff  is  continuously  increased 
from  zero  until  an  image  is  obtained  similar 
to  those  in  figure  37  with  the  line  edges  de- 
fined by  zero  intensity  and  approximately 
equal  luminance  peaks  on  either  side  of  the 
zeroes.     If  an  appropriate  correction  algo- 
rithm [79]  is  then  applied,  the  resulting 
line  width  can  be  accurately  determined. 

One  way  to  achieve  a  variable  filtering  which 
appears  to  be  feasible  would  be  to  prepare  a 
high-precision  adjustable  slit  so  that  its 
surfaces  are  reflecting.     The  lower  cutoff  is 
achieved  by  opening  the  slit  to  allow  the  un- 
wanted portions  of  the  spectrum  to  pass 
through  and  be  trapped  while  the  desired  por- 
tion of  the  spectrum  is  reflected  into  the 
system  along  a  different  optical  path  and  is 
imaged.     A  conceptual  scheme  of  this  is 
sketched  in  figure  38.     Implementation  of 
this  scheme  would  necessitate  a  partial  rede- 
sign of  some  microscope  systems,  but  in  some 
models  presently  in  use,  such  a  path  is  al- 
ready incorporated.     Since  nonuniformly  open- 
ing slit  jaws  can  be  compensated  through  call 
bration,  imperfect  jaw  motions  need  not  be  a 
bar  to  application. 
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A  Gubstage  condenser  lens 
B  Specimen  (object  plane) 
C    Objective  lens 

D    Front-surface  mirror,  with  its  center  one 
focal   length  from  the  lens,  C,  and  an  open- 
ing which  can  be  varied  as  the  jaws  of  a 
slit;  the  portion  of  the  image  spectrum 
that  is  eliminated  passes  through  this 
open  i  ng 

E    Plane  of  intermediate  image,  one  tube 

length  from  the  lens,  C 
F    Microscope  eyepiece 

Figure  38.     Sketch  of  a  possible  configura- 
tion for  a  microscope  system  with  spatial  fil- 
ter i  ng . 


Although  this  technique  appears  to  be  theo- 
retically feasible,  there  are  several  practi- 
cal limitations.    Most  present  microscope  ob- 
jectives are  designed  so  that  the  object  spec- 
trum imaged  by  the  objective  lens  is  located 
inside  the  physical  dimensions  of  the  lens 
system  where  a  filter  cannot  be  constructed. 
Introduction  of  additional  optics  to  re-image 
this  spectrum  would  degrade  the  performance 
of  the  objective  and  compromise  the  system. 
Reflecting  objectives  or  catadioptric  systems 
could  be  used  without  major  modifications, 
but  their  range  of  numerical  apertures  is  lim- 
ited.    Full  and  unrestricted  application  of 
these  ideas  will  require  that  microscope  ob- 
jectives be  redesigned  to  place  the  object 
spectrum  outside  the  last  glass  surface. 

It  was  assumed  for  this  analysis  that  the 
line  shapes  had  a  rectangular  profile  and  pos- 
sessed symmetry  about  their  centerlines.  Not 


very  many  lines  in  practice  have  such  a  per- 
fect profile,  and  the  modeling  of  lines  to 
accommodate  variations  in  their  description 
is  necessary  before  these  results  can  be  ex- 
tended to  the  prediction  of  measurement  ac- 
curacy on  real  lines  and  spaces. 

The  large  number  of  reflecting  surfaces  in  mi 
croscope  systems  precludes  the  use  of  laser 
illumination  with  a  large  temporal  coherence 
because  the  resulting  interference  patterns 
would  seriously  affect  image  clarity.  Fur- 
ther, because  the  size  of  the  intended  ob- 
jects is  so  small,  lateral  coherence  inter- 
vals need  not  be  extremely  large.     The  mer- 
cury arc,  filtered  for  the  546.1-nm  line,  ap- 
pears to  provide  sufficient  lateral  coherence 
and  virtually  no  temporal  coherence,  and 
would  seem  to  be  ideal  because  the  green  wave 
length  is  near  the  peak  of  the  eye  response 
and  would  be  reasonably  comfortable  for  view- 
ing.    On  the  other  hand,  since  radiance  falls 
off  as  the  square  of  the  magnification,  and 
because  the  central  portion  of  the  spectrum 
where  most  of  the  image  energy  is  located  is 
occluded  in  the  filtering  process,  high  illu- 
mination power  is  required.     Additional  test- 
ing is  necessary  to  choose  the  best  light 
source. 

A  great  many  simplifications  were  introduced 
in  the  analysis.     The  simple  scalar  theory 
employed  is  sufficient  to  illustrate  the 
technique  and  develop  the  basic  concepts, 
but  at  the  high  numerical  apertures  that  must 
eventually  be  used  in  a  practical  system,  a 
more  rigorous  analysis  is  needed.     In  addi- 
tion the  assumption  of  diffraction-limited 
optics  ignored  the  spherical  aberration, 
flare  light,  and  the  difficulty  of  focusing 
in  coherent  illumination  that  are  commonly 
present  with  such  systems.     Flare  light  alone 
is  sufficient  to  significantly  reduce  the  con 
trast  of  the  imagery  of  the  zero  crossings  at 
the  line  edges .     To  develop  this  technique 
more  fully  it  will  be  necessary  to  take  these 
practical  aspects  of  the  microscope  into  ac- 
count. (R.  E.  Swing") 


6.2,    Optical  Imaging  for  Photomask  Metrology 

Theoretical  and  experimental  investigation  of 
the  optical  microscope,  as  used  for  line- 
width  measurement  on  photomasks,  continued. 
A  research  microscope  system,  shown  schemat- 
ically in  figure  39 ,  was  assembled  to  make 


NBS  Optics  and  Micrometrology  Section,  Me- 
chanics Division. 
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photometric  scans  of  line  image  profiles  for 
comparison  with  theoretically  computed  pro- 
files . 

The  system  is  based  on  a  commercially  avail- 
able research  microscope  modified  to  include 
a  higher-wattage  tungsten-halogen  lamp,  small- 
er scanning  apertures  to  produce  higher  reso- 
lution of  the  scanned  image,  a  special  one- 
dimensional  scanning  stage  controlled  by  a 
stepping  motor  with  function  generator  drive, 
and  linear  voltage  transducer  (LVTD)  gauges 
for  positional  readout  of  stage  and  focus  set- 
tings.    Both  analog  and  digital  outputs  are 
available  from  the  photometer  and  gauges. 
The  analog  outputs  of  the  photometer  and  posi- 
tion gauge  are  fed  to  an  X-Y  recorder;  the 
digital  outputs  are  intended  for  use  with  a 
microprocessor-based  data  handling  system  now 
being  constructed. 

In  addition,  the  prism  beam  splitter,  which 
appears  to  obscure  part  of  the  light  path, 
was  removed  and  the  incident  illumination  was 
filtered  by  a  combination  of  a  Wratten  No.  60 
filter  and  a  heat  reflecting  mirror  to  pro- 
duce a  limited  passband  peaked  at  about  560 
nm.     Use  of  a  scanning  slit  instead  of  a  cir- 
cular aperture  was  found  to  improve  overall 
system  performance  by  reducing  photon  noise 
as  a  result  of  the  increased  flux  reaching 
the  detector  and  by  averaging  over  some  of 
the  minute  imperfections  along  the  edges  of 
the  lines  being  scanned . 


Although  a  variety  of  optics  and  scanning 
apertures  may  be  used,  the  system  has  been 
found  to  give  best  optical  performance  for 
viewing  photomasks  in  transmitted  light  when 
employing  a  63x,  0.9  NA  objective  lens,  de- 
signed for  use  without  a  cover  glass,  as  the 
objective  and  a  32x,  0.6  NA  long-working  dis- 
tance objective  lens  as  the  condenser.  This 
combination  of  optics  appeared  to  produce 
minimal  flare. 

Measured  line-image  profiles  of  typical  clear 
lines  on  a  chromium-on-glass  photomask  are 
shown  in  figure  40.     Some  edge  ringing,  char- 
acteristic of  images  formed  with  coherent  or 
partially  coherent  light,  is  evident. 

Calculated  line-image  profiles  corresponding 
to  the  measured  line  images  are  also  shown  in 
figure  40.     These  calculations  were  made  with 
a  computer  program  which  takes  into  account 
a  wide  range  of  operating  parameters  includ- 
ing partial  coherence,  lens  aberrations,  scan 
ning  slit  width,  objective  numerical  aperture 
and  variations  in  the  object  being  scanned 
including  geometry,  edge  degradation,  and  con 
trast.     The  computation  involves  numerical  in 
tegration  of  a  three-dimensional  integral 
whose  integrand  is  complex  and  oscillates 
over  the  range  of  integration.     The  deriva- 
tion is  omitted  here,  but  the  integral  in  one 
dimensional  form  is 
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=JJJ  r(a)t(a-y2)t(ct-Mi)  x 

exp[ — (Pi-Pa)]  f^Cp^FCpa)  ^ 
S(i^f^)  dadyidp^,  (11) 

where  HC^)  is  the  image  profile  seen  by  the 

photomultiplier ,  r(a)  is  the  Fourier  trans- 
form of  the  mutual  coherence  function  at  the 
object,  t(y)  is  the  Fourier  transform  of  the 
amplitude  transmittance  of  the  object,  F(y) 
is  the  pupil  function  of  the  imaging  objec- 
tive, S(v)  is  the  Fourier  transform  of  the 
intensity  transmittance  of  the  scanning  aper- 
ture at  the  photomultiplier,  and  Zj  and  I2 
axe  the  object  and  image  conjugates  of  the 
objective,  respectively, 

A  detailed  study  of  the  coherence  properties 
of  the  microscope,  which  is  not  reproduced 
here,  has  shown  that  for  typical  modes  of  op- 
eration, rCa)  is  the  modulus  squared  of  the 
pupil  function  of  the  condenser.     Thus,  as 
has  long  been  known  [80],  the  aberrations  of 
the  condenser  lens  do  not  affect  the  imag- 
ery.    However,  it  is  noted  that  the  condi- 
tions under  which  this  formulation  is  appli- 
cable are  that  the  condenser  aperture  be  uni- 
formly illuminated  (making  it  the  limiting 
aperture  in  the  illumination  system  regard- 
less of  the  mode  of  illumination)  and  that 
the  illuminated  area  at  the  object  be  large 
compared  to  the  dimensions  of  the  impulse  re- 
sponse of  the  condenser.     When  the  area  of 
illumination  becomes  very  small  the  system 


must  be  treated  theoretically  as  a  microdensi- 
tometer  for  which  a  different  description 
applies   [81 ] . 

The  amplitude  transmittance  spectrum  t(y)  of 
the  object  is  general  and  can  be  changed  as 
desired.    At  present,  single  and  multiple 
lines  with  variable  contrast  and  edge  degra- 
dation have  been  considered.     The  pupil  func- 
tion, F(p),  of  the  imaging  objective,  assumed 
to  be  diffraction  limited,  includes  the  aber- 
ration function  and  the  various  terms  corre- 
sponding to  defocus  and  spherical  aberration, 
etc.,  may  be  varied.     This  formulation  as- 
sumes quasi-monochromatic  illumination  of 
mean  wavelength  A  and  does  not  take  into  ac- 
count the  variation  of  the  aberration  func- 
tion or  other  parameters  with  wavelength. 

Although  the  agreement  between  the  measured 
and  calculated  line-image  profiles  is  quite 
good,  which  suggests  that  the  system  can  be 
used  to  measure  the  width  of  transparent 
lines  nearly  as  narrow  as  the  impulse  re- 
sponse of  the  objective  lens,  differences  do 
remain.     It  is  felt  these  are  dufe  principally 
to  1)  the  unknown  influence  of  edge  quality 
which  would  affect  the  1-ym  line  imagery  more 
than  the  10-ym  line  imagery,  2)  non-zero 
transmittance  of  the  opaque  background,  and 
3)  the  presence  of  undetermined  amounts  of  op- 
tical aberrations  in  the  system,  principally 
spherical  aberration.  (D.  Nyyssonen"'' ) 
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6.3.    Calibration  Standards  for  Photomask 
Metrology 

Artifacts  of  the  design  previously  described 
(NBS  Spec.  Publ.  400-17,  pp.  37-38)  have  been 
successfully  manufactured.     These  artifacts 
consist  of  the  hard-surface  material,  either 
"black"  chromium  approximately  90  nm  thick  or 
iron  oxide  approximately  180  nm  thick,  de- 
posited directly  on  a  6-mm  thick  polished 
glass  substrate,  approximately  36  mm  square. 
They  contain  design  patterns  of  from  one  to 
four  cycles  with  both  clear  lines  on  opaque 
backgrounds  and  opaque  lines  on  clear  back- 
grounds.    Compatibility  with  the  scanning 
electron  microscope  is  achieved  by  overcoat- 
ing the  artifact  with  approximately  50  nm  of 
carbon  (NBS  Spec.  Publ.  400-19,  p.  41). 

Figure  41  is  a  photomicrograph  of  the  pattern 
on  a  chromium-on-glass  artifact  as  observed 
in  an  optical  microscope  with  bright-field 
transmitted  light  at  about  85x  magnification. 
At  this  magnification,  the  multiple  1-ym  wide 
lines  and  spaces  cannot  be  resolved.  Dimen- 
sional measurements  (see  sec.  6.4.)  show  that 
the  line  widths  as  measured  with  an  optical 
microscope  generally  equal  the  design  values 
to  within  the  specified  tolerance  of  ±0.25  ym. 

The  180-nm  thick  iron  oxide  is  partially 
transmitting  and  equivalent  to  coatings  used 
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Figure  42.     Photomicrograph  of  four  1 -ym  wide 
clear  spaces  each  separated  by  1  ym  in  an 
i ron-oxl de-on-g 1  ass  artifact  viewed  under 
bright-field  transmitted  light  at  a  magnifi- 
cation of  about  2CC0x. 


on  some  "see-through"  integrated  circuit  pho- 
tomasks.    Viewing  these  specimens  under  trans 
mitted  light  in  an  optical  microscope  shows  a 
dark  border  at  the  edge  of  the  iron  oxide  as 
shown  in  the  photomicrograph  of  four  1-ym 
wide  clear  spaces  in  an  iron  oxide  artifact 
in  figure  42.     The  cause  of  this  optical  ef- 
fect has  not  been  identified,  but  it  results 
in  a  large  uncertainty  in  setting  the  image- 
shearing  and  filar  eyepieces  for  optical  line 
width  measurements.     For  this  reason  and  also 
because  the  edge  profile  of  iron-oxide  lines 
is  less  sharp  than  that  of  chromium  lines, 
iron-oxide  artifacts  are  not  being  considered 
for  primary  line-width  calibration  with  the 
SEM  interferometer.  (J.  M.  Jerke^) 


5.4.    Line-Width  Measurements  on  Chromium-on- 
Glass  Artifactsi' 

Line-width  measurements  were  made  with  an  op- 
tical microscope  on  several  chromium-on-glass 
artifacts  (see  sec.  6.3.).     Single  opaque 
lines  on  a  clear  background  and  single  clear 


Figure  41.     Photomicrograph  of  chromium-on- 
glass  artifact,  viewed  under  bright-field 
transmitted  light  at  a  magnification  of  about 
85x. 


NBS  Optics  and  Micrometrology  Section,  Me- 
chanics Division. 

Funded  through  the  NBS  Dimensional  Metrology 
Program. 
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Table  11  —  Apparent  Widths  of  Lines  and  Spaces  Measured  in  Bright-Field 
Transmitted  Illumination 


Nominal 
Width,  ym 


Image-Shearing  Eyepiece 
(Intensity  Splitting) 

Line  Width,    Space  Width, 

pm  \im 


Filar  Eyepiece 


Line  Width, 

ym 


Space  Width, 
ym 


1 

1 

04 

+ 

0.07 

0 

87 

±  0.03 

0 

75  ± 

0 

21 

1 

18 

±  0 

08 

3 

3 

03 

+ 

0.06 

3 

01 

±  0.06 

2 

84  ± 

0 

13 

3 

25 

±  0 

02 

10 

9 

84 

+ 

0.05 

9 

98 

±  0.04 

9 

73  ± 

0 

26 

10 

31 

±  0 

20 

lines  (spaces)  in  an  opaque  background  were 
measured  with  filar  and  image-shearing  (inten- 
sity splitting)  eyepieces  using  bright-field 
transmitted  illumination.     Five  measurements 
were  made  of  the  width  of  each  of  three  lines 
and  spaces  using  each  eyepiece.     The  means 
and  three-sigma  values  (three  sample  standard 
deviations)  are  listed  in  table  11.  These 
data  further  confirm  the  previously  reported 
result  that  with  transmitted  illumination  the 
filar  eyepiece  indicates  a  wider  width  than 
the  image-shearing  eyepiece  for  clear  spaces 
and  a  narrower  width  for  opaque  lines  (NBS 
Spec.  Publ.  400-19,  pp.  38-41,  41-43). 

An  investigation  into  the  effect  of  focal  po- 
sition on  line-width  measurement  with  an  op- 
tical microscope  was  also  made.  Measurements 
were  made  on  a  single  clear  space,  nominally 
3-ym  wide,  in  bright-field  transmitted  illumi- 
nation with  the  image-shearing  eyepiece.  The 


Table  12  -  Effect  of  Focal  Position  on  the 
Apparent  Width  of  a  Clear  Space 
Measured  with  an  Image-Shearing 
Eyepiece  in  Bright-Field  Trans- 
mitted Illumination 


Di  stance 
from  Best 
Focus,  ym 

Measured 
Width,  ym 

-1.5 

2.87  ±  0.14 

-1.0 

2,93  ±  0.19 

-0.5 

2.91  ±  0.06 

0.0 

3.00  ±  0.05 

+0.5 

3.00  ±  0.06 

+1.0 

2.96  ±  0.10 

+1.5 

2.98  ±  0.10 

objective  lens  had  a  magnification  of  63x,  a 
numerical  aperture  of  0.90,  and  a  depth  of 
field  of  1.23  ym.     The  position  of  best  focus 
was  a  subjective  decision  by  the  operator 
based  on  the  quality  of  the  image.     The  re- 
sults obtained  at  seven  focal  positions,  ex- 
tending beyond  the  normal  depth  of  field,  are 
given  in  table  12.     Within  this  range,  the 
clear  line  measures  maximum  width  at  or  near 
best  focus.     This  result  is  also  consistent 
with  the  previously  reported  model  (NBS  Spec. 
Publ.  400-19,  pp.  38-41).   .    (F.  W.  Rosberry'^) 

An  experimental  comparison  was  made  of  line- 
width  measurements  using  optical  microscopes 
and  operating  conditions  representative  of 
those  employed  by  the  microelectrics  indus- 
try for  photomask  inspection.    Most  photomask 
line-width  measurements  made  in  industry  are 
done  with  conventional  optical  microscopes 
fitted  with  visual  measuring  eyepieces  of  ei- 
ther the  filar  or  image-shearing  types;  to  a 
limited  degree,  automatic  TV-microscope  sys- 
tems are  in  use . 

The  majority  of  measurements  reported  here 
were  made  with  a  monocular  research-quality 
microscope  with  separate  filar  and  image- 
shearing  eyepieces .     During  the  course  of  the 
study,  a  binocular  image-shearing  microscope 
and  an  automatic  TV-microscope  system  V7ere 
made  available  on  loan  for  short  term  use. 

The  monocular  microscope  was  equipped  with  an 
objective  lens,  with  a  numerical  aperture  of 
0.95  and  a  magnification  of  80x,  and  either 
bright-field  or  dark-field  illumination;  its 
image-shearing  eyepiece  had  an  intensity  beam- 
splitter as  the  shearing  element.     The  binocu- 
lar microscope  was  equipped  with  an  objective 
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lens,  with  a  numerical  aperture  of  0.90  and  a 
magnification  of  63x,  and  bright-field  illumi- 
nation only;  its  image-shearing  eyepiece  had 
a  polarization  beamsplitter  as  the  shearing 
element.     The  TV-microscope  system  was 
equipped  with  an  objective  lens,  with  a  numer- 
ical aperture  of  0.95  and  a  magnification  of 
80x,  and  bright-field  illumination  only.  All 
three  microscopes  had  both  reflected  and 
transmitted  light  capabilities.     The  three 
systems  differed  in  their  fundamental  princi- 
ples of  operation  and  means  of  data  output. 
The  filar  and  image-shearing  eyepieces  re- 
quire operator  judgment  for  locating  image 
edges  in  a  line-width  measurement;   the  TV 
system  uses  automatic  image  scanning  and  elec- 
tronic thresholding.     The  filar  eyepiece  had 
a  vernier  scale  readout  which  requires  the 
calculation  of  line  widths  from  arbitrary 
scale  divisions;  the  binocular  image-shearing 
system  had  direct  digital  readout  as  did  the 
TV-microscope  system. 

Three  filar  eyepieces  were  available  for  use 
with  the  monocular  microscope.     One,  with  a 
7x  magnification  and  a  movable,  full-field 
pair  crosshair  configuration,  had  the  best 
"repeatability  of  the  three  and  was  used 
throughout  the  study.     Preliminary  repeatabil- 
ity tests  for  each  of  the  optical  microscope 
measurement  systems  resulted  in  variations 
from  the  mean  of  ten  measurements  of  the 
width  of  a  5-ijm  transparent  line  of  0.03  to 
0.09  ym  (three  sample  standard  deviations). 
The  linearity  of  each  of  the  microscope  sys- 
tems was  checked  for  gross  misbehavior  by 
measuring  four  line  spacings  after  calibra- 
tion with  the  NBS  line-standard  interferome- 
ter [82].     Within  the  measurement  repeatabil- 
ity and  the  calibration  accuracy,  no  signifi- 
cant deviations  from  linearity  were  observed. 

Cosine  error  results  when  the  axis  of  measure- 
ment is  not  perpendicular  to  the  line  whose 
width  is  to  be  measured.     In  a  filar  eyepiece, 
cosine  error  is  minimized  when  the  crosshair 
lies  parallel  to  the  line  and  travels  perpen- 
dicular to  it.     In  the  shearing  eyepiece,  the 
direction  of  shear  must  also  be  perpendicular; 
similarly  with  a  TV -microscope  system.  For  fi- 
lar and  image-shearing  eyepieces ,  the  degree 
to  which  the  line  to  be  measured  can  be  made 
to  lie  along  the  axis  of  measurement  depends 
on  the  fraction  of  the  field  of  view  the  line 
occupies  and  the  least  detectable  increment 
of  field  of  view  between  some  part  of  the 
line  and  a  reference  mark  on  the  viewer.  A 
series  of  experiments  showed  that,  provided 
the  line  fills  at  least  5  to  10  percent  of 
the  field,  misalignment  need  not  be  a  signifi- 
cant source  of  measurement  error. 


Detailed  line-width  measurements  were  made 
with  each  of  the  systems  on  transparent  lines 
of  2-,  5-,  and  10-ym  nom.inal  width  in  an 
opaque  field.     Each  microscope  was  calibrated 
in  magnification  using  a  line  spacing  pre- 
viously measured  to  be  34.927  ±  0.007  ym  with 
the  NBS  line-standard  interferometer  [82]. 
In  addition,  the  TV-microscope  system  was  ad- 
justed to  measure  a  line-to-space  ratio  of  a 
value  predetermined  by  an  artifact  supplied 
by  the  manufacturer. 

The  results  of  the  measurements  appear  in 
table  13.     Each  of  the  entries  in  the  table 
represents  the  mean  of  ten  measurements  taken 
one  after  another.     To  determine  how  much  sig- 
nificance can  be  attributed  to  each  entry, 
measurements  on  each  of  three  systems  were 
repeated  ten  times  successively  on  nine  occa- 
sions for  measurements  of  the  5-ym  line  in 
bright-field  transmitted  illumination.  Typi- 
cal data  for  a  series  of  ten  measurements  on 
a  single  occasion  are  summarized  in  table  14 
which  also  shows  the  arithmetic  means  and  sam- 
ple standard  deviations  of  the  means  for  nine 
such  series  taken  on  different  occasions. 

The  spread  in  the  means  of  measurements  taken 
on  different  occasions  cannot  be  explained  by 
the  spread  within  measurements  on  one  occa- 
sion.    If  the  standard  deviation  associated 
with  n  repetitions  of  a  measurement  made  on  a 
single  occasion  is  a  ,  the  sample  standard 

deviation  of  the  means  of  these  n  repetitions 
taken  on  a  number  of  occasions  is  a  measure 
of  the  total  standard  deviation  [83]: 


where  a^y    is  the  between-laboratory  component 

of  the  variance.     The  reproducibility  can  be 
defined  as  the  spread  about  the  grand  mean 
which  includes  95  percent  of  all  test  results. 
The  reproducibility  associated  with  test  re- 
sults based  on  a  single  measurement  on  each 
occasion  is  therefore  [83]: 

Reproducibility  =  ±2.77^  a^^  +  a^^  . 

The  results  of  the  study  above  suggest  that 
the  reproducibility  is  about  ±0.3  ym  for  the 
filar  eyepiece  and  about  ±0.1  ym  for  both  the 
shearing  eyepiece  and  TV-microscope  system. 
Therefore,  it  can  be  concluded  that  the  dis- 
crepancies between  measurements  made  on  the 
same  line  with  different  microscopes  and  il- 
luminations are  statistically  significant. 

(F.  W.  Rosberry'^  and  D-.  A.  Swyt*^) 
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Table  13  -  Apparent  Widths  of  Clear  Lines  in  an  Opaque  Field 


Microscope  Apparent  Line  Width,  ym 


a.    Bright-Field  Transmitted  Illumination: 


Filar  Eyepiece  2 

25 

5. 

25 

10.05 

Shearing  Eyepiece  (Intensity)  1 

95 

4, 

65 

9.10 

Shearing  Eyepiece  (Polarization)  2 

00 

4 

85 

9.40 

TV  Display  2 

55 

5 

35 

9.75 

b.    Bright-Field  Reflected  Illumination: 

Filar  Eyepiece  2 

15 

5 

00 

9.80 

Shearing  Eyepiece  (Intensity)  2 

45 

5 

35 

9.75 

Shearing  Eyepiece  (Polarization)  2 

50 

5 

40 

9.90 

TV  Display  2 

55 

5 

25 

9.75 

c.    Dark-Field  Transmitted  Illumination: 

Filar  Eyepiece  2 

10 

4.80 

9.30 

Shearing  Eyepiece  (Intensity)  2 

15 

5 

15 

9.65 

d.    Dark-Field  Reflected  Illumination: 

Filar  Eyepiece  2 

.25 

5 

15 

9.50 

Shearing  Eyepiece  (Intensity)  2 

.25 

5 

20 

9.55 

Table  14  —  Representative  Data  for  Line-Width  Measurements  Repeated  on  the  Same  Line 


Microscope 

Filar 
Eyepiece 

Shearing 
Eyepiece 
(Intensity  Type) 

TV 
Display 

Typical  Results  of 

Mean,  ym 

5.25 

4.65 

5.40 

Ten  Measurements 

on  Same  Occasion 

Sample  Std. 

Dev. 

,  ym  0.077 

0.014 

0.009 

Average  Sample  Std. 

Dev. ,  pm 

0.078 

0.015 

0.010 

Mean  of  Means  of 

Mean,  ym 

5.22 

4.65 

5.40 

Ten  Measurements 

on  Nine  Occasions 

Sample  Std. 

Dev. 

,  ym  0.072 

0.034 

0.028 

Reproducibility,  ym 

0.28 

0.10 

0.08 
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6.5.    Line-Width  Measurement  by  Diffraction 
Pattern  Analysis 

A  study  was  undertaken  to  delineate  the  toler- 
ances, design  criteria,  and  limitations  as- 
sociated with  the  measurement  of  line  widths 
by  analysis  of  the  diffraction  pattern.  The 
instrument  for  performing  this  measurement  is 
shown  schematically  in  figure  43  [84].  A 

;    laser  beam  is  shaped  into  a  line  by  means  of 
two  cylindrical  lenses,        and  C2,  and  is  fo- 
cused on  the  plane,  P,  through  an  adjustable 
aperture  slit  A.     The  specimen  to  be  measured 
is  placed  at  the  focus  of  the  slit  image,  S, 
formed  by  a  spherical  50x  microscope  objec- 

\  tive  lens  with  a  numerical  aperture  of  0.85. 
This  lens  also  serves  to  focus  the  effective 
source,  P,  on  a  diode  array,  D,  located  an 

I    appropriate  distance  behind  the  specimen. 

In  this  arrangement,  the  diffraction  pattern 
]    in  the  plane  of  the  diode  array  is  given  by 
'    the  convolution  of  the  source  image  with  the 
i    object  transform.     In  the  case  of  a  gap  of 
j    width  w  in  an  opaque  background  in  the  object 

plane  (fig.  44a)  with  ideal  transmission  char- 
j    acteristics  (fig.  44b),  the  object  transform 
is  given  by  wsin(Trfw) / (irfw)   (fig.  44c).  The 
intensity  distribution  of  this  diffraction 
I    pattern  (fig.  44d)  is  measured  and  digitized 
(fig.  44e) ,  and  a  discrete  Fourier  transform 
I    is  computed  (fig.  44f ) .    The  intercept  of 
!    this  autocorrelation  function  on  the  horizon- 
tal axis  occurs  a  distance  w  from  the  origin. 
I    When  the  instrument  is  used  to  measure  opaque 
'    lines,  it  is  necessary  to  consider  the  image 
of  the  aperture  slit  which  surrounds  the  line 
in  the  object  plane.     In  this  case,  provided 
'    that  the  line  is  reasonably  well  centered  in 

the  image  of  the  slit,  the  autocorrelation 
I    function  has  a  region  of  positive  slope  to 


the  right  of  the  vertical  axis  which,  when 
extrapolated  back,  intercepts  the  horizontal 
axis  a  distance  equal  to  the  width  of  the 
line  from  the  vertical  axis  [85]. 

Experiments  were  carried  out  to  determine  the 
sensitivity  of  the  system  to  focus,  aperture 
size,  source  intensity,  the  nature  of  the  ob- 
ject measured  (line  or  gap) ,  and  the  width 
of  the  object.     The  measurement  process  was 
found  to  be  sensitive  to  the  centering  of  the 
line  in  the  aperture,  the  aperture  width  rela- 
tive to  the  line  width,  and  focus  and  loca- 
tion of  the  aperture.     In  addition,  a  theore- 
tical analysis  showed  that  if  the  optical  den- 
sity of  the  opaque  regions  is  less  than  3.0 
the  positions  of  the  intercept  can  be  signifi- 
cantly different  from  that  expected  on  the 
basis  of  ideal  considerations.     Variations  in 
the  intensity  of  the  illuminating  laser  do 
not  appear  to  affect  the  measurement. 

Better  linearity  and  repeatability  were 
achieved  for  measurement  of  opaque  lines  in 
a  clear  field  than  for  measurem^>.nt  of  clear 
gaps  (or  slits)  in  an  opaque  field.     This  ap- 
pears to  be  due  in  part  to  the  different  cri- 
teria used  for  centering  the  aperture  on  the 
object  plane;  the  criterion  used  in  the  case 
of  opaque  lines  is  both  more  sensitive  and 
more  repeatable. 

Analysis  of  the  optical  system  shows  that  the 
system  response  depends  on  the  uniformity  and 
phase  of  the  aperture  illumination  and  on  the 
numerical  aperture  and  quality  of  the  objec- 
tive lens  as  well  as  the  characteristics  of 
the  line  or  gap  being  measured.  Anomalies 
which  have  been  noted  in  the  autocorrelation 
functions  suggest  that  additional  analysis 
and  instrumental  improvements  are  required  to 


LASER  — 
BEAM  ^ 


A    Adjustable  aperture  slit 

Cj,  C2  Cylindrical  lenses 

D    Diode  array 

P    Focal  plane  of  source 

S    Specimen,  focal  plane  of  slit 


Figure  ^3.     Schematic  representation  of  optical  system  for  diffraction  pattern  analysis, 
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t(x) 


X 


a.     Gap  of  width  w.  b.     Transmission  function  of  gap  (t(x)  =  1 

for  X  between  ±w/2,  0  elsewliere). 


e.     Discrete  sampling  of  transform  intensity.     _f.     Inverse  transform  of  It (f) 1 ^ (A(x)a: 

1-lx/wl  for  X  between  ±w,  0  elsewhere). 

Figure      .     Schematic  flow  diagram  for  estimation  of  width  of  gaps. 


interpret  accurately  widths  of  lines  less 
than  2.5  ym  wide.     Various  instrumental  modi- 
fications are  being  considered. 

(H.  L.  Kasdan^) 

6.6.    Automated  Photomas''.  Inspection 

Detailed  analyses  of  the  state-of-the-art  au- 
tomated technologies  previously  identified 
(NBS  Spec.  Publ.  400-4,  pp.  49-50)  as  appli- 
cable to  inspection  of  photomasks  for  defects 
were  completed.     In  this  work  the  basic  physi- 
cal principles  on  which  these  technologies 
are  based  were  analyzed,  limitations  of  each 
of  these  technologies  were  identified,  the 
approximate  times  necessary  for  inspection  of 
defects  on  a  76-  by  76-mm  photomask  with  3.8- 


by  3.8-mm  die  patterns  were  calculated  and 
problem  areas  were  identified.    A  summary  of 
the  results  of  the  analyses  are  given  in  ta- 
ble 15. 

A  basic  criterion  used  in  these  analyses  was 
that  2-pm  defects  must  be  detected  (NBS  Spec. 
Publ.  400-17,  p.  32).     The  approach  used  in 
the  calculation  of  the  time  for  100-percent 
inspection  of  a  photomask  was  to  calculate 
the  sampling  rate  which  is  the  maximum  number 
of  2-  by  2-ym  areas  that  can  be  inspected  per 
second.     Total  inspection  times  were  calcu- 


Work  performed  at  Recognition  Systems,  Inc. 
under  NBS  Contract  No.   5-35890.     NBS  contact 
for  additional  information:     D.  B.  Novotny. 
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Table  15  —  Characteristics  of  Automated  Photomask  Inspection  Techniques 


Technique 

Inspection 
Sampl i  ng 
Rate,  s"^ 

Total 
Inspection 
Time,  h:min 

Required 
Al ignment 
or  Indexing 
Accuracy,  ym 

Estimated 
Cost,  l<$ 

Optical  Overlay 

4.0  X  106 

0:  5 

±1 

150 

Spatial  Filtering 

NA 

■^0:  5 

NA 

50 

Dual -Beam  Flying  Spot 
Scanner 

3.5  X  106 

0:  7i 

±0.2 

150 

Single-Beam  Flying  Spot 
Scanner 

2.0  X  105 

'^.2:10 

±1 

500 

Microdensitometer 

1.5  X  10'+ 

^26:  4 

NA 

150 

TV -Microscope 

1.2  X  106 

'\.0:40 

±0.4 

130 

lated  from  this  fundamental  sampling  rate  on 
the  basis  of  1.44  x  10^  such  areas  on  a  76- 
by  76-mm  mask,  plus  all  the  additional  times 
that  are  needed  to  completely  scan  the  masks. 
The  total  inspection  times,  listed  in  the  ta- 
ble, do  not  include  loading  times.     The  esti- 
mated costs  listed  in  the  last  column  are  pri- 
marily based  on  estimates  given  by  persons 
working  with  similar  equipment  and  should  be 
interpreted  only  in  an  approximate  compara- 
tive sense. 

In  the  optical  overlay  method  two  die  pat- 
terns are  viewed  simultaneously  through  two 
microscope  objectives,  typically  of  lOx  magni- 
fication.    This  technique  has  been  used  f or • 
many  years  for  visual  observation  of  the  reg- 
istration of  the  different  layers  in  a  mask 
set.     In  an  automated  version,  pattern  infor- 
mation from  the  same  coordinate  position  on 
two  die  patterns  is  read  by  two  identical  in- 
line diode  or  CCD  arrays  [86-88].     The  signal 
from  each  device  in  one  of  the  arrays  is  sub- 
tracted from  the  corresponding  signal  on  the 
other  array.     Resultant  differences  are  inter- 
preted as  defects.     For  the  analysis  it  was 
assumed  that  each  array  consisted  of  512  de- 
vices in  an  area  13  mm  long  by  25  pm  wide  and 
that  scanning  and  inspection  occur  simultane- 
ously and  continuously.     For  a  typical  array 
scanning  rate  of  4  x  lo6  devices  per  second, 
the  entire  array  can  be  scanned  once  while 
the  stage,  traveling  at  20  mm/s,  advances  2.5 
ym,  the  width  of  the  area  observed  by  the  ar- 
ray.    These  conditions  imply  that  one  scan- 
ning sweep  across  the  mask  can  be  made  every 
3.8  s  and  that  the  entire  mask  can  be  scanned 
in  59  sweeps.     Under  these  conditions  the  to- 
tal inspection, time  is  less  than  5  min  which 


includes  about  1  min  for  reversing  the  stage 
motion  and  indexing  the  scan. 

One  serious  problem  with  this  method  is  the 
critical  alignment  required  between  the  two 
die  patterns  being  inspected.    Misregistra- • 
tion  resulting  from  various  sources,  such  as 
run-out  errors  between  the  dice  in  the  mask, 
lack  of  consistency  in  line  widths,  and  yaws 
in  the  stage  motion  of  the  inspecting  device, 
can  cause  differences  in  the  outputs  that  are 
erroneously  interpreted  as  defects.     The  2-pm 
defect  detection  criterion  requires  that  the 
two  patterns  be  in  register  with  deviations 
nowhere  greater  than  ±1  ym.     In  addition,  the 
method  requires  intense  illumination,  and,  in 
common  with  all  directly  comparative  technol- 
ogies, it  is  insensitive  to  any  defect  which 
appears  on  all  die  patterns. 

The  spatial  filtering  method  is  based  on  the 
property  that  for  coherent  light  the  Fraun- 
hofer  diffraction  pattern  of  the  object, 
which  is  represented  by  the  optical  Fourier 
transform  of  the  object,  is  produced  by  a 
lens  at  the  focal  plane  of  the  radiation 
source.     Therefore,  if  a  photomask  is  placed 
in  front  of  a  lens  and  illuminated  by  a  col- 
limated  laser  beam,  the  Fourier  pattern  of 
the  object  is  produced  behind  the  lens  at 
the  focal  plane  of  the  source  (cf.  sees.  6.1. 
and  6.5.).     If  a  mask  that  blocks  the  light 
radiation  produced  by  the  desired  mask  pat- 
tern geometry  is  placed  at  this  focal  plane, 
only  the  diffraction  pattern  produced  by  de- 
fects passes  through  this  filter.     These  dif- 
fraction patterns  may  be  reconstructed  by 
means  of  a  second  lens  to  form  a  real  space 
mapping  of  the  defects. 
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While  this  technique  appears  straightforward, 
it  is  not  practical  for  the  detection  of  2-ijm 
defects.     Both  variations  in  the  refractive 
index  of  the  glass  larger  than  1.6  x  lO"'*  or 
thickness  variations  greater  than  0.17  ym  are 
sufficient  to  distort  the  diffracted  wave- 
fronts  by  a  half  wavelength  and  prevent  the 
expected  interference  effects.     Although  the 
surface  irregularity  problems  can  be  allevi- 
ated through  the  use  of  liquid  gates,  this 
creates  contamination  and  cleaning  problems 
which  are  more  severe  than  the  original  de- 
fect problems.     In  addition,  the  filters  must 
also  be  made  with  tolerances  tighter  than 
those  with  which  the  photomasks  being  in- 
spected are  made.     This  technique  is  further 
hampered  by  focusing  problems  and  difficul- 
ties encountered  in  registering  the  filter 
with  the  transformed  image. 

With  the  dual-beam,  flying-spot  scanner,  the 
transmittances  through  equivalent  portions  of 
two  die  patterns  illuminated  by  two  simulta- 
neously scanning  laser  beams  focused  to  a 
spot  size  of  about  3  ym  are  compared,     A  dif- 
ference in  the  transmission  is  interpreted  as 
a  defect. 

This  technology  has  been  developed  and  a  work- 
ing prototype  exists  [89].     Although  the  time 
required  to  actually  inspect  a  76-  by  76-mm 
mask  is  only  slightly  greater  than  7  min,  an 
additional  period  of  about  the  same  time  is 
required  for  loading  the  mask  and  register- 
ing the  two  beams.     The  beam  registration  is 
held  to  0.2  um;  misregistrations  as  large  as 
0.4  ym,  caused  by  step  and  repeat  errors  or 
edge  raggedness ,  do  not  register  spurious  de- 
fects.    As  in  the  case  of  the  optical  over- 
lay method,  this  technique  is  not  sensitive 
to  defects  repeated  on  each  of  the  die  pat- 
terns . 

In  each  of  the  other  three  technologies  ana- 
lyzed, the  information  from  each  die  pattern 
is  digitized  and  compared  with  information 
representing  the  ideal  or  true  mask  pattern 
which  is  stored  in  the  memory  of  a  computer. 
These  techniques  are  limited  by  the  data 
transfer  rate  and  require  a  high  speed  comput- 
er as  an  integral  part  of  the  equipment. 
Since  the  storage  requirements  for  a  3.8-  by 
3.8-mm  die  are  well  within  the  capabilities 
of  a  computer  system  with  digital  disk  stor- 
age and  an  8.7-MHz  bit  transfer  rate,  the 
criteria  of  word  transfer  rate  and  needed 
bits  per  word  can  be  used  to  select  viable 
combinations . 

With  a  single-heam,  flying-spot  scanner,  a 
2-ym  diameter  light  spot  is  scanned  over  the 


pattern  and  the  transmitted  intensity  is  re-  j 
corded  with  a  photomultiplier  tube.     The  spot 
may  be  generated  either  by  a  laser  or  a  cath- 
ode ray  tube  (CRT) .     The  accuracy  and  speed 
of  the  optical  density  measurement  depends  on 
the  time  response  of  the  photomultiplier  and 
the  number  of  detectable  grey  levels.     A  CRT 
flying-spot  detector  utilizing  a  5-ys  dwell 
time  per  inspection  point  for  beam  indexing 
and  stabilization  and  a  four-level  grey  scale 
was  assumed  for  the  analysis.     These  condi- 
tions can  be  satisfied  by  commercially  avail- 
able cathode  ray  tubes  with  a  76-  by  76-mm 
screen  and  a  square  matrix  of  1.6  x  10^  acces- 
sible points.     If  these  points  are  serially 
focused  on  a  mask  through  a  lOx  reduction 
lens,  it  takes  80  s  to  scan  each  7.6-  by 
7.6-mm  field  of  view  which  includes  four  com- 
plete 3.8-  by  3.8-mm  die  patterns.  Since 
there  are  100  such  fields  of  view  on  the  mask, 
about  2h  h  are  required  for  the  inspection. 

Microdensitometers  are  designed  primarily  to 
measure  the  optical  density  of  a  pattern  as 
a  function  of  position  rather  than  to  in- 
spect for  mask  defects.     To  inspect  for  2-ym 
defects,  the  die  pattern  must  be  scanned  with  C 
a  2-ym  spot  in  2-ym  swaths.     If  the  stage  i- 
travels  at  the  highest  practical  velocity  of 
30  mm/s,  a  data  acquisition  rate  of  1.5  x  10** 
words  per  second  is  required.     This  in  turn 
requires  a  photomultiplier  response  time  of 
less  than  70  ys  for  accurate  optical  density 
mapping.     If  these  conditions  can  be  achieved, 
the  scan  time  per  individual  die  pattern,  not 
including  stage  indexing  time,  is  about  4  min. 
The  total  time  to  inspect  the  400  die  pat- 
terns on  the  mask  is  about  26  h. 

There  exists  the  possibility  of  reducing  this 
scan  time  by  scanning  with  a  rectangular  aper- 
ture.    If  a  2-  by  100-ym  aperture  is  used  the 
inspection  time  could  be  reduced  by  a  factor 
of  50  to  about  32  min.     However  with  this  ap- 
proach, serious  questions  arise  concerning 
the  response  time  of  the  photomultiplier  and 
its  ability  to  make  accurate  density  measure- 
ments under  these  conditions.  Furthermore, 
the  integrated  intensity  over  a  2-ym  scan 
length  is  changed  by  approximately  1  percent 
for  every  0.02  ym  of  misregistration  of  any 
transparent  to  opaque  edge  extending  the 
length  of  the  aperture.     This  effect  combined 
with  those  from  scanning  table  yaws,  die  run- 
out, and  other  registration  errors  commonly 
found  in  photomasks  would  lead  to  the  detec- 
tion of  copious  spurious  defects. 

The  analysis  of  the  TV-microscope  method  has 
been  reported  in  detail  (NBS  Spec.  Publ.  400- 
17,  pp.  32-36).     The  results  listed  in  table 
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15  are  for  the  case  of  a  vidicon  tube  which 
scans  one  0.4-  by  0.4-nnn  field  of  view  in 
1/15  s. 

The  only  two  inspection  systems  commercially 
available  at  the  present  time  are  modifica- 
tions of  systems  that  were  developed  for  oth- 
er purposes.     One,  a  TV-microscope  system, 
was  originally  designed  to  scan  films  of  rock- 
et launches.     It  is  a  defect  inspection  sys- 
tem, but  its  slow  speed  is  a  major  factor  in- 
hibiting use.     The  second,  a  microdensitome- 
ter,  was  originally  designed  to  scan  astron- 
omy films.     It  is  most  widely  used  for  dimen- 
sional analysis  of  photomasks.     Other  defect 
inspection  systems  have  been  developed  by 
several  large  corporations  but  these  are  not 
available  on  the  commercial  market. 

Masks  can  also  be  inspected  for  dimensional 
errors  with  the  systems  analyzed  above.  Two 
basic  limitations  common  to  all  approaches 
are  the  dependence  on  suitable  line-width 
standards  and  the  need  for  a  thorough  under- 
standing of  the  optical  system  employed.  It 
was  concluded  from  this  work  that  the  search 
for  dimensional  errors  and  the  search  for  de- 
fects differ  significantly,  and  that  these 
functions  should  be  performed  independently. 
Speed  is  the  most  important  consideration  in 
the  automated  search  for  visual  defects;  the 
analyses  showed  that  few  systems  as  presently 
envisioned  have  economically  attractive  in- 
spection times. 

To  provide  a  means  for  evaluation  of  various 
automated  mask  inspection  systems,  work  was 
initiated  on  the  design  and  fabrication  of  a 
test  mask  with  intentionally  added  defects. 
This  can  be  used  to  determine  the  minimimi  de- 
tectable defect  size,  inspection  speed, 
missed  defects,  false  indications,  and  differ- 
ences in  observation  of  pinhole  and  spot  de- 
fects.    In  addition  to  comparing  the  charac- 


teristics of  different  machines,  such  a  mask 
can  also  be  used  on  a  regular  basis  to  veri- 
fy the  performance  of  an  operating  system 
[89]. 

An  MOS  metallization  pattern  of  moderate  com- 
plexity was  chosen  as  the  basis  for  this  test 
mask.     The  smallest  line  widths  or  spaces  in 
this  pattern  are  0.30  mils  (7.6  ym) .  The 
width  of  the  pattern  is  10.5  mils  (0.27  mm) 
and  the  height  is  7.9  mils  (0.20  mm).  Each 
die  consists  of  a  10  by  10  array  of  this  ba- 
sic pattern.     The  final  mask  consists  of  a 
14  by  14  array  of  dice  with  a  center-to- 
center  spacing  of  150  mils  (3.81  mm)  in  each 
direction.     Of  the  196  dice  in  the  array,  15 
contain  intentional  defects. 

These  15  defective  dice  are  inserted  into  the 
array  by  the  use  of  three  extra  lOx  reticles 
each  of  which  contains  36  intentionally  in- 
troduced defects  including  pinholes,  spots, 
breaks,  bridges,  intrusions,  and  protrusions 
located  in  different  parts  of  the  pattern. 
Each  of  these  reticles  is  stepped  into  the 
array  at  five  different  places,  more  or  less 
randomly  located,  so  that  each  mask  contains 
540  defects.     Since  the  area  covered  by  the 
14  by  14  array  is  28.5  cm^,  the  defect  den- 
sity is  about  19  cm~^. 

Initial  versions  of  these  test  masks  have 
been  fabricated  and  are  being  evaluated.  Pre- 
liminary test  results  suggest  that  although 
not  all  of  the  smallest  pinholes  and  spots 
printed,  a  range  of  defects  down  to  about 
2  ym  is  available  on  the  mask.     It  is  in- 
tended that  these  test  masks  be  subjected 
both  to  additional  visual  inspection  and  to 
inspection  on  various  automated  inspection 
systems  at  cooperating  laboratories  in  order 
to  characterize  them  more  fully  and  evaluate 
their  utility.  (D.  R.  Ciarlo''", 

P.  A.  Schultz"*",  and  D.  B.  Novotny) 
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7.    TEST  PATTERNS 


7.1.    Square  Array  Collector  Resistor 

The  square  array,  four-probe,  collector  resistor  structure  (NBS  Spec.  Publ.  400-17,  pp.  25- 
26)   [21]  was  further  analyzed  for  the  case  where  the  probe  spacing  is  comparable  with  the 
lateral  dimensions  of  the  specimen.     It  was  assumed  in  the  analysis  that  the  specimen  is 
square,  has  nonconducting  boundaries,  and  is  thin  with  respect  to  the  probe  spacing,  and 
that  the  probe  contacts  lie  on  specimen  diagonals.     This  configuration  is  one  which  may  be 
encountered  in  measuring  the  sheet  resistance  of  the  collector  region  of  an  integrated  cir- 
cuit . 

An  early  attempt  to  solve  this  problem  [90]  was  incorrect  because  the  solution  does  not  ap- 
proach the  van  der  Pauw  [91]  solution  for  the  case  where  the  probes  are  on  the  periphery  of 
the  specimen.  Other  early  solutions  based  on  conformal  transformation  [92]  and  the  method 
of  images  [93,94]  are  correct  but  the  results  were  not  presented  in  a  convenient  form  for 
engineering  use.  The  present  solution  is  based  on  the  method  of  images  in  a  complex  plane. 
The  results  are  expressed  in  the  form  of  algebraic  equations  which  are  easy  to  evaluate  and 
converge  rapidly. 

The  geometry  analyzed  is  shown  in  figure  45.     The  current  was  assumed  to  be  two-dimensional 
in  the  plane  of  the  specimen.     The  current  carrying  probes  were  assumed  to  be  a  point  source 
and  a  point  sink  so  that  the  boundary  conditions  can  be  satisfied  by  a  system  of  images 
placed  sjoranetrically  about  the  boundaries.     Complex  variables  theory  was  used  to  solve  for 
the  potential  difference,        -  \/2.     Omitting  the  details  of  the  solution,  the  result  is: 

Vi    -   V2  =  (pI/277W)C 

where 

00 

_      (coshx+1 )  (coshx-cosx)  i    (coshx+cosha)  ^  [  (coshx-coshacosx) ^+slnh^asin^x] 

"  2(I-cosx)  ^  ^    ^  (cosha+l)2(cosha-cosx)2 

m=l 

a  =  mir,  and  x  =  sir/d. 

This  result  goes  to  the  proper  limits  for  the  cases  where  the  specimen  is  an  infinite  sheet 
(d  >>  s)  and  where  the  probes  are  on  the  periphery  of  the  specimen  (d  =  s).     In  each  of 
these  cases  the  series  in  the  expression  for  C  is  identically  equal  to  zero.     In  the  former 
case,  C  approaches  ln2;  this  is  the  result  found  by  Uhlir  [95]  for  a  square  four-probe  array 
on  an  infinite  sheet  with  a  nonconducting  back  side  (NBS  Spec.  Publ.  400-25,  pp.   39-40).  In 
the  latter  case,  C  approaches  21n2;   this  is  the  symmetrical  van  der  Pauw  solution  [91]. 
When  neither  limiting  case  applies,  C  can  be  computed  to  an  accuracy  of  0.1  percent  with  the 
use  of  only  the  first  three  terms  in  the  series. 

Correction  factors  can  be  applied  to  the  limiting  cases  to  determine  the  region  over  which 
the  limiting  case  expressions  are  valid.     When  d  >>  s,  the  resistivity  is  given  by 


For  large,  but  finite,  ratios  of  d  to  s ,  a  correction  factor  C5  =  C/ln2  can  be  calculated 
such  that 

P  =  Pco/Cs  .  (14) 
The  percentage  error  introduced  by  using  the  uncorrected  value  poo,  is 

Eco  =  100(poo  -  p)/p  =  100(C5  -  1)   .  (15) 
For  d/s  ^23,  the  uncorrected  value  exceeds  the  true  value  by  less  than  1  percent. 
When  d  ~  s  the  resistivity  is 
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P  =  Pi/Ce  (16) 

where  pj  =  2poo  and  Cg  =  C/21n2,     In  this  case 
the  percentage  error  introduced  by  using  the 
uncorrected  value,  p^,  is 

ei  =  100(pi  -  p)/p  =  lOOCCe  -  1)   .  (17) 

For  d/s  between  1.0  and  1.35  the  uncorrected 
value  is  less  than  1  percent  below  the  true 
value.     The  correction  factors  C5  and  Cg  and 
the  errors  Eoo  and  ej  are  tabulated  in  table 
16. 

These  results  can  also  be  extended  to  other 
cases.     The  present  results  are  approximately 
correct  for  the  case  in  which  the  probe  loca- 
tions are  rotated  away  from  the  diagonals  of 
the  square  even  for  small  values  of  d/s  [92- 
94];  the  differences  are  such  that  Pi  approx- 
imates the  true  resistivity  for  somewhat  larg- 
er values  of  d/s.     For  example,  for  d/s  =  1.5, 


Table  16  —  Correction  Factors  for  a  Square  Four-Probe 
Array  on  a  Thin  Square  Specimen 


d/s 

C5 

£00 

Ce 

El 

1.0 

2 

.0000 

100.0 

1 

0000 

0.0 

1.1 

1 

.9997 

100.0 

0 

9999 

0.0 

1.2 

1 

.9967 

99.7 

0 

9984 

0.2 

1.3 

1 

.9880 

98.8 

0 

9940 

0.6 

1.4 

1 

.9721 

97.2 

0 

9860 

1 .4 

1.5 

1 

.9491 

94.9 

0 

9745 

2.6 

1.6 

1 

.9199 

92.0 

0 

9600 

4.0 

1.7 

1 

.8862 

88.6 

0 

9431 

5.7 

1.8 

1 

.8493 

84.9 

0 

9247 

7.5 

1.9 

1 

.8107 

81.1 

0 

9054 

9.5 

2.0 

1 

.7716 

77.2 

0 

8858 

11  .4 

3.0 

1 

.4500 

45.0 

0 

7250 

27.5 

4.0 

1 

.2773 

27.7 

0 

6386 

36.1 

5.0 

1 

.1849 

18.5 

0 

5924 

40.8 

7.0 

1 

.0977 

9.8 

0 

5488 

45.1 

10.0 

1 

.0487 

4.9 

0 

5244 

47.6 

15.0 

1 

.0219 

2.2 

0 

5109 

48.9 

20.0 

1 

.0123 

1.2 

0 

5062 

49.4 

25.0 

1 

.0079 

0.8 

0 

5040 

49.6 

30.0 

1 

.0055 

0.6 

0 

5027 

49.7 

00 

1 

.0000 

0.0 

0 

5000 

50.0 
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the  value  of  Cg  for  the  case  of  45  deg  rota- 
tion, so  that  the  probes  lie  on  the  bisectors 
of  the  sides  of  the  specimen,  is  2.2  percent 
larger  than  the  value  for  the  probes  on  the 
diagonals.     In  addition,  similar  techniques 
can  be  used  to  solve  the  problem  of  a  square 
array  on  a  rectangular  specimen. 

(M.  G.  Buehler  and  W.  R.  Thurber) 


7.2.    Sheet  Resistor  Test  Structures 

Additional  analysis  of  cross-type  sheet  re- 
sistor test  structures  was  completed.  These 
analyses  were  carried  out  with  the  use  of  the 
same  numerical  analysis  used  previously  in 
the  analysis  of  orthogonal  quadrate  crosses 
and  offset  quadrate  crosses  (pinwheels)  (NBS 
Spec.  Publ.  400-19,  pp.  44-45)   [96].     Two  lim- 
iting cases  of  the  cross  structure  were  stud- 
ied.    The  relative  geometrical  errors  for 
these  cases  were  determined  by  computing  the 
true  sheet  resistance,  R^,  and  comparing  it 

with  the  sheet  resistance  calculated  from  the 
symmetrical  van  der  Pauw  formula  [91]: 


R  (vdP) 
s 


(^/ln2)(AV/I), 


(18) 


where  AV  =        "  ^2  for  a  current  I  passed  in- 
to li  and  out  of  1 2  as  shown  in  figures  46 
and  47.     The  error,  E,  is  defined  as 


E  =  [R    -  R  (vdP)]/R 
s        s  s 


(19) 


Figure  kS.  Normalized  sheet  resistance  er- 
ror resulting  from  shorting  contacts  on  the 
periphery  of  a  square  test  structure. 


Figure  47.     Normalized  sheet  resistance  er- 
ror resulting  from  shorting  contacts  at  the 
ends  of  the  arms  of  a  Greek  cross  test  struc- 
ture. 


One  limiting  case,  where  the  arm  length  is 
zero,  is  illustrated  in  figure  46.     Over  most 
of  the  range  the  error  is  found  to  fit  the  em- 
pirical relation 


E  =  (O.595±O.O15)(D/S)l"82±0.03 


(20) 


When  D/S  =  0,  this  case  reduces  to  the  symmet-: 
rical  van  der  Pauw  structure  and  the  error 
goes  to  zero.     If  D/S  <  0.1,  the  geometrical 
error  associated  with  this  structure  is  less 
than  1  percent.     The  integral  equations  for 
this  limiting  case  had  been  formulated  by 
Wick  [97]  but  he  did  not  solve  and  evaluate 
the  equations. 

Another  limiting  case,  where  D  =  S,  is  the 
Greek  cross.*    This  is  illustrated  in  figure 
47.     Except  for  a  very  short  arm  length 
(A/S  <  0.1),  the  error  is  found  to  fit  the 
empirical  relation 


"The  conclusion  that  the  Greek  cross  is  a  van 
der  Pauw  structure  was  reached  intuitively 
and  independently  by  W.  E.  Ham,  RCA  Laboratoj 
ries  (private  communication).  |i 
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E  =  (0.590±0.006)exp[-(6.23±0.02)A/S] .  (21) 

When  A/S  >  0.65,  the  geometrical  error  as- 
sociated with  this  structure  is  less  than  1 
percent.     If  A/S  >  1.02,  which  is  easily 
achieved  in  practice,  the  error  is  less  than 
0.1  percent. 

The  technological  implication  of  this  test 
structure  is  found  in  the  realization  that 
the  sheet  resistance  of  a  very  small  region 
can  be  accurately  measured  because  the  width 
of  the  arms  of  the  Greek  cross  is  limited  on- 
ly by  the  minimum  line  width  achievable  by 
the  photolithographic  technology  utilized  in 
device  fabrication. 

(M.  G.  Buehler  and  J.  M.  David) 

7.3.    Test  Pattern  for  TTL  Technology 

One  approach  to  assurance  of  built-in  compo- 
nent reliability  involves  the  use  of  a  pro- 
cess validation  wafer  (PVW) .     This  type  of  wa- 
fer is  intended  to  evaluate  process  and  cir- 
,    cuit  parameter  uniformity,  and  to  measure  the 
I    occurrence  of  random  faults.     The  PVW  is  an 
entire  wafer  of  test  structures  and  is  in- 
tended to  be  fabricated  along  with  product  wa- 
fers on  a  periodic  basis.     This  approach  is  a 
I    supplement  or  alternative  to  a  test  pattern 
j    substituted  for  an  IC  chip  on  a  product  wafer. 
As  a  process  characterization  tool  the  PVW 
can  be  used  to  qualify  vendors  and  can  serve 
I    as  a  circuit  acceptance  criterion.     The  PVW 
1    concept  has  the  potential  of  greatly  reducing 
the  user-imposed  requirements  that  now  accom- 
,    pany  a  high-rel  component  purchase.  Various 
forms  of  this  approach  are  currently  being 
used  by  the  British  Post  Office  [98]  and  by  a 
few  U.S.  Government  agencies  in  the  procure- 
I    ment  of  reliable,  custom  components. 

I    As  an  illustration  of  a  microelectronic  test 
!    pattern  under  development  for  use  as  a  pro- 
j    cess  validation  wafer,  consider  the  TTL  test 
I    pattern  shown  in  figure  48.     This  pattern 
!    consists  of  various  test  structures  which  are 
!'    intended  to  be  tested  electrically  with  a 
I    high-speed  dc  wafer  tester.     The  test  struc- 
i'  •  tures  are  arranged  so  that  all  structures  can 
j    be  probed  by  a  2  by  10  probe  array  (NBS  Spec. 

Publ.  400-25,  pp.  41-43).     This  modular  ar- 
I    rangement  allows  the  structures  to  be  called 
I    from  a  computer  library  and  arranged  quickly 
into  a  new  test  pattern  to  fit  available 
space.     In  addition,  the  modular  concept  al- 
ii;   lows  for  standardization  of  each  test  struc- 
ture in  its  entirety  including  its  probe  pads 
which  must  be  an  integral  part  of  the  test 
structure . 


The  TTL  pattern  is  divided  into  quadrants, 
each  1.7  mm  (67  mil)  by  1.3  mm  (51  mil).  The 
lower  left  quadrant  contains  strings  of  con- 
tacts and  metal  runs  of  varying  length  over 
oxide  steps.     The  lower  right  quadrant  con- 
tains multi-emitter  transistors  of  varying 
size.     These  structures  are  intended  to  check 
for  random  faults  such  as  contact  window  prob- 
lems, incomplete  metal  coverage,  and  emitter- 
collector  shorts  (pipes).     The  two  upper  quad- 
rants contain  process  control  structures,  cir- 
cuit elements  (both  transistors  and  resis- 
tors), and  NAND  gates.     Among  the  process  con- 
trol structures  are  several  versions  of  the 
cross  sheet  resistor  (see  sec.  7.2.). 

At  the  present  time  artwork  for  the  mask  set 
for  this  test  pattern  is  being  prepared.  On 
completion  of  the  mask  set,  wafers  are  to  be 
fabricated  and  correlations  established  be- 
tween the  properties  of  appropriate  test 
structures  and  the  circuit  characteristics. 
(D.  E.  Sawyer,  D.  A.  Maxwell,  J.  M.  David, 

and  M.  G.  Buehler) 


7.4.    Test  Pattern  Design  and  Analysis  for 
SOS/LSI 

The  mask  set  for  the  SOS/LSI  test  pattern 
(NBS  Spec.  Publ.  400-25,  pp.  44-45)  was  com- 
pleted and  two  initial  lots  of  wafers  were 
processed  with  the  previously  outlined  single- 
epitaxial,  p^-polysilicon  gate  process.  Pre- 
liminary observations  were  made  on  some  of 
the  optically  accessible  structures  in  the 
type  V  pattern  and  on  the  p-channel  transis- 
tor in  the  type  II  pattern  (NBS  Spec.  Publ. 
400-19,  p.  47). 

The  two-level  interaction  test  structure  for 
p'*"-polysilicon  over  epitaxial  silicon  is 
shown  in  figure  49.     The  structure  consists 
of  polysilicon  lines  of  various  widths  extend- 
ing from  the  sapphire  up  onto  a  silicon  is- 
land.    The  design  line  widths  (in  mils;  1  mil 
-25  ym)  are  indicated  outside  the  pattern. 
It  can  be  seen  that  no  polysilicon  remains 
for  designed  dimensions  of  0.1  mil  (2.5  pm) 
or  less.     This  suggests  that  the  polysilicon 
lines  are  smaller  than  their  designed  dimen- 
sions by  about  0.05  mil  (1.2  pm)  on  a  side. 
It  can  also  be  seen  directly  that  the  dimen- 
sions on  top  of  the  epitaxial  silicon  and  on, 
top  of  the  sapphire  are  nearly  identical, 
that  a  severe  distortion  in  the  polysilicon 
occurs  at  the  edge  of  the  epitaxial  silicon, 
and  that  a  discontinuity  in  the  polysilicon 
at  the  edge  of  the  epitaxial  silicon  exists 
for  lines  with  designed  width  of  less  than 
about  0.3  mil  (7.6  urn) . 
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Figure  k8.     Junct ion- i sol ated  TIL  test  pattern.     (Upper  left  quadrant:  process  con- 
trol structures,  circuit  elements,  and  NAND  gates;  upper  right  quadrant:  process 
control  structures;   lower  left  quadrant:  contact  resistors  and  metal  step  coverage 
string;  lower  right  quadrant:  mul ti -emi tter  transistors.) 
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Figure  49.  Two-level  interaction  test  struc- 
ture. 


j|  The  two-level  alignment  test  structure  is 
!  shown  in  figure  50.     This  structure  consists 
I  of  a  trapezoidal  polysilicon  region  over  a 
'  rectangular  silicon  island.     It  is  clear  that 
no  difficulty  exists  in  determining  the  inter- 
section point  where  the  trapezoid  crosses  the 
rectangle.     The  index  markers  are  placed  on 
\  1.0-mil  (25-Mm)  centers.     The  difference  in 
I  intersection  points  on  the  two  sides  of  the 
.1  trapezoid  in  figure  50a  is  approximately  0.4 
mil  (10  ym)  which  corresponds  to  an  actual 

I  misalignment  of  about  0.02  mil  (0.5  ym) . 

i  An  orthogonal  pair  of  structures  can  be  used 

II  for  complete  alignment  measurement  as  shown 
j  in  figure  50b.  Even  when  the  edge  crossing 
I  is  not  ideal,  as  shown  in  figure  50c,  the 

J  crossing  points  can  be  determined  quite  pre- 
cisely.    The  resolution  of  the  structure  ap- 
pears from  these  results  to  be  about  1  pin. 
I  (25  nm)  when  using  an  ordinary  microscope. 
i|  This  structure  can  also  be  used  as  a  very  ac- 
i  curate  ruler  to  measure  the  change  in  the  lat- 
I  eral  size  of  an  object  (such  as  a  wafer)  af- 
■  ter  some  processing  step  or  with  temperature, 
i  In  this  case,  the  upper  level  would  not  nec- 
']  essarily  be  printed  but  could  be  simply  ob- 
]  served. 

I  An  example  of  some  preliminary  results  from 
ij  the  type  II  tests  is  shown  in  figure  51. 

'i  This  plot  shows  the  distribution  of  drain 

II  current  for  a  p-channel  transistor  in  satura- 
I  tion  across  approximately  1.5  in.   (38  mm)  of 

S  a  2-in.  (51-mm)  diameter  wafer.  Several  very 
ji  interesting  features  of  these  data  are  noted: 

1.    A  significant  number  of  the  devices 
have  no  output  on  the  scale  used; 


a.     Single  structure. 


J.     Orthogonal  pair. 


c.     Single  structure  with  non-ideal  edge 
cross  i  ng . 


Figure  50.     Two-level  alignment  structures. 

there  is  a  tendency  for  these  zero- 
output  devices  to  cluster  together; 

2.  The  distribution  observed  shows  a 
very  "fuzzy"  nature; 

3.  Gradual  trends  in  the  data  over  rel- 
atively large  distances  are  observed; 
approximately  ±20  percent  total  vari- 
tion  is  seen  across  the  wafer  for 
operating  devices . 

The  interpretation  of  these  data  in  detail  is 
not  clear  at  present,  but  the  following  com- 
ments are  relevant. 
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Figure  51.  Distribution  of  p-channel  saturation  current  in  heavy  inversion  along  the 
diameter  of  an  SOS  wafer  perpendicular  to  the  edge  flat. 


The  zero-output  devices  are  proba- 
bly not  caused  by  probing  prob-lems 
since  low  currents  were  detected  on 
the  same  devices  under  different 
bias  conditions.     Furthermore,  n- 
channel  devices  in  the  same  row  ex- 
hibited many  fewer  instances  of 
zero-output  devices. 

The  fuzziness  is  probably  caused 
primarily  by  differences  in  the  ge- 
ometry of  the  channel  regions. 


3.    Within  a  local  area,  approximately 
50  mil  (125  ym)  in  extent,  an  uncer- 
tainty of  about  ±5  percent  exists. 

Obviously,  the  most  interesting  observation 
here  is  the  zero-output  devices  since  these 
would  be  fatal  to  virtually  any  circuit.  The 
personality  of  the  system  is  readily  apparent 
from  data  of  this  type  taken  over  an  extended 
region  of  the  wafer  which  provides  consider- 
ably more  information  than  data  on  one  or  a 
small  number  of  single  devices.     (W.  E.  Ham''')[ 


t 


Work  conducted  at  RCA  Laboratories  under 
NBS  Contract  No.  5-35916..    NBS  contact  for 
additional  information:     M.  G.  Buehler. 
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8.1.    Nondestructive  Test  for  Beam-Lead  Bonds 

Detailed  experiments  were  carried  out  to  eval- 
uate the  acoustic  emission  test  (NBS  Spec. 
Pubis.  400-12,  pp.  31-32;  400-19,  pp.  48-50; 
and  400-25,  pp.  46-49)   [99]  as  a  nondestruc- 
tive means  for  evaluating  the  quality  of  beam- 
lead  and  other  types  of  multiple  bonds.  The 
measurement  system  is  capable  of  detecting 
acoustic  emission  signals  barely  above  the 
average  noise  level  of  the  preamplifiers  and 
considerably  below  various  system  and  line 
transients.     Most  acoustic  emission  detector 
output  signals  produced  in  the  present  experi- 
ments were  in  the  range  of  about  10  to  100  yV 
and  were  easily  captured  by  the  equipment. 
Because  of  the  variety  of  gain  adjustments 
possible  (preamplifiers,  pulse  capturing 
equipment,  and  oscilloscope),  the  vertical 
scale  of  most  acoustic  emission  oscillograms 
i  has  no  particular  significance.     The  only  im- 
I  portant  consideration  is  the  signal-to-noise 
ratio,  and  this  can  be  easily  observed  from 
the  photographs.     Signal  sizes  given  in  the 
I  discussion  below  refer  to  the  detector  output. 

1  Putl  Tests  —  In  order  to  demonstrate  the  sen- 
j  sitivity  of  the  method,  several  beam-lead  de- 
I  vices  were  tested  by  cutting  all  but  one  of 
the  beams  and  pulling  the  uncut  beam  to  de- 
i  struction  with  an  electrolytically  etched, 
'  150-ym  diameter  tungsten  hook  inserted  into  a 
1  dab  of  silicone  rubber  on  top  of  the  device. 
!  Acoustic  emission  signals  picked  up  by  a  sub- 
strate detector  are  displayed  in  figure  52. 
In  the  case  of  a  well-bonded  beam  (fig.  52a), 
failure  occurred  by  a  break  at  the  bond  heel. 
The  clipped  waveform  peaks  indicate  that  the 
i  substrate  detector  output  was  significantly 
I  greater  than  1  mV  (peak-to-peak)  during  the 
'  initial  part  of  the  break.     The  signal  from 
such  breaks  generally  continues  erratically 
for  several  times  the  time  interval  shown  in 
the  figure.     In  the  case  of  a  well-bonded 
j  beam  with  a  weak  anchor  (fig.  52b),  failure 
j  occurred  by  peel  at  the  anchor  at  a  force  of 
,  about  30  mN  (1  gf  =  9.8  mN) .     The  peak-to- 
'  peak  detector  output  in  this  case  was  about 
i  0.3  mV. 
if  ■ 

Pull  tests  were  conducted  on  several  well- 
!  bonded  devices  with  weak  anchors.     A  series 
j  of  short  bursts  was  observed  starting  at 
I  about  15  millinewtons  per  beam  (about  half 
I  the  peel  strength  of  the  anchors) .  Similar 
j  well-bonded  devices  with  strong  anchors  pro- 
duced no  signal  until  a  pull  force  of  about 
25  millinewtons  per  beam  was  applied;  the 
,  bursts  in  this  case  were  longer  and  higher  in 
I  amplitude  than  the  devices  with  weak  anchors. 
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Several  groups  of  commercially  available  de- 
vices from  four  different  manufacturers  were 
tested.     Devices  from  three  of  these  sources 
produced  no  acoustic  emission  signal  until 
they  were  stressed  to  about  25  millinewtons 
per  beam  as  noted  above.     However,  devices 
from  the  fourth  source  produced  large  bursts 
of  acoustic  emission,  such  as  those  shown  in 
figure  53a,  when  they  were  stressed  to  only 
about  10  millinewtons  per  beam;  these  bursts 
increased  in  number  and  amplitude  with  in- 
creasing stress.     Examination  of  these  de- 
vices in  a  scanning  electron  microscope  fol- 
lowing stressing  to  10  millinewtons  per  beam 
revealed  no  evidence  of  mechanical  failure. 
However,  examination  following  stressing  at 
about  25  millinewtons  per  beam  revealed  elon- 
gation of  the  beams,  separation  of  the  rela- 
tively thick  titanivun  layer,  peeling  of  the 
anchors,  separation  of  the  silicon  nitride 
from  the  beams  or  silicon,  and  broken  chips 
of  silicon  at  the  anchor  as  shown  in  figure 
53b.     Any  of  these  observed  degradations 
could  be  responsible  for  the  acoustic  emis- 
sion signals.     These  problems  can  be  attrib- 
uted to  design  deficiencies;  they  were  ob- 
served on  three  different  device  types  from 
the  same  source  on  lots  purchased  18  months 
apart.     It  should  be  noted  that  a  normal  de- 
structive pull-off  [100]  or  push  test  (NBS 
Tech.  Note  806,  pp.  34-35)  would  not  have  re- 
vealed any  problems  with  the  structures  be- 
cause the  beams  ultimately  broke  with  forces 
typical  of  mechanically  strong  devices.  The 
consequences  of  the  poor  mechanical  integrity 
on  device  performance  or  reliability  were  not 
established . 

In  a  large  series  of  pull  tests  on  devices 
bonded  to  substrates  with  chrome-inhibited 
bonding  pads  (NBS  Spec.  Publ.  400-25,  pp.  46- 
47) ,  it  was  found  that  a  force  of  10  to  15 
millinewtons  per  beam  was  required  to  produce 
acoustic  emission  from  one  or  two  weakly- 
bonded  beams  on  an  otherwise  well-bonded  de- 
vice.    On  the  other  hand,  a  force  of  only  5 
to  10  millinewtons  per  bond  was  often  suffi- 
cient to  produce  acoustic  emission  when  all 
beams  were  poorly  bonded;  such  devices  would 
pull  off  completely  at  forces  of  10  to  15 
millinewtons  per  beam. 

Push-Down  Test  on  Devices  Encapsulated  in  Sil- 
icone Rubber  —  Both  well-bonded  and  poorly- 
bonded  devices  were  encapsulated,  except  for 
the  top  of  the  chip,  with  a  silicone  rubber 
thinned  with  xylene  [99]  and  allowed  to  cure. 
For  testing,  the  device  was  mounted  on  a  vac- 
uum chuck  and  the  top  of  the  chip  was  uni- 
formly pressed  downward  with  an  acoustic 
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a.     Wei  1 -bonded  beam  which  failed  by  breaking      b.     Well -bonded  beam  which  failed  by  peeling 
at  the  heel  at  a  force  of  about  35  mN.  at  the  anchor  at  a  force  of  about  30  mN. 

Horizontal   scale:  20  ys/div.  Horizontal   scale:   16  ys/div. 

Figure  52.     Acoustic  emission  signals  from  single  beams  pulled  to  destruction. 


a.    Acoustic  emission  signal  at  a  pulling 
force  of  about  12  millinewtons  per  beam. 
Horizontal   scale:  20  ys/div. 

A  Gold  beam 

B  Separated  titanium  layer 

C  S  i 1  icon  ni  tride 

D  Broken  piece  of  silicon 

E  Portion  of  silicon  chip 


b.     Scanning  electron  micrograph  following  ap 
plication  of  a  pulling  force  of  about  25 
millinewtons  per  beam. 


Figure  53-     Beam-lead  device  with  poor  mechanical  integrity. 


emission  probe  coated  with  silicone  rubber 
and  mounted  in  a  force  gauge  as  shown  in  fig- 
ure 54.     Well-bonded  devices  with  good  mechan- 
ical integrity  required  forces  greater  than 
4.4  N  on  a  16-beam  chip  before  producing 
acoustic  emission  bursts;  well-bonded  devices 
with  poor  mechanical  integrity  required  1.9 
to  2.4  N.     Devices  of  both  types  which  had 
one  or  more  weak  bonds  generally  emitted 
their  first  bursts  at  forces  of  0.5  to  1.5  N. 

Appliaation  of  Force  to  Beams  Only  —  Two 
probes,  tipped  with  silicone  rubber  and  de- 
signed to  avoid  contact  with  the  chip,  were 
used  to  apply  a  do^imward  force  on  the  hori- 
zontal portion  of  the  beam  which  extends  out- 


ward from  the  chip.     Simple  resolution-of- 
forces  analysis  of  a  single  beam  indicates 
that  nearly  all  the  force  is  applied  as  a 
torque  which  tends  to  peel  the  anchor.  Thus, 
probing  a  single  beam  or  a  single  row  of 
beams  along  one  side  of  the  chip  provides  an 
anchor  adherence  test;  if  all  beams  are 
probed  simultaneously,  the  torque  cancels  and 
the  force  is  applied  only  to  the  bond  system. 

Individual  beams  were  probed  with  a  tungsten 
carbide  probe,  which  had  a  75-ym  diameter 
flat  region  tipped  with  silicone  rubber  and 
a  lead-zirconate-titanate  type  acoustic  emis- 
sion detector,  in  order  to  establish  emission 
patterns  for  both  anchor  and  beam  failures. 
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Force  gauge 

Force  angle  control 

Probe  acoustic  emission  detector 

Acoustic  waveguide  and  force  probe 

Substrate  holder  with  vacuum  hold 

down  and  substrate  acoustic  emission 

detector 


Figure  5^.     Apparatus  for  applying  upward  or 
downward  force  on  beam-lead  devices  and  for 
detecting  any  resulting  acoustic  emission. 


Acoustic  emission  traces  from  the  probe  and 
substrate  detectors  are  shown  for  typical 
cases  in  figure  55.     The  traces  resulting 
from  application  of  a  downward  force  of  about 
20  mN  to  a  beam  with  a  weak  anchor  are  shown 
in  figure  55a.     This  anchor  ruptured  at  an 
applied  force  of  about  34  mN;  a  well-bonded 
beam  with  a  strong  anchor  would  typically 
curve  downward  until  it  touches  the  substrate 
at  an  applied  force  of  60  to  100  mN.     For  an- 
chor failures,  the  probe  detector  usually  pro- 
duces the  larger  signal  as  shown  in  the  fig- 
ure.    When  a  very  weak  bond  is  probed  with  a 
force  of  30  to  40  mN,  the  signal  intensities 
are  usually  reversed,  as  shown  in  figure  55b. 
Although  these  patterns  are  typical,  it 
should  be  noted  that  these  failure  modes  may 
at  times  produce  entirely  different  patterns. 

Some  experiments  were  performed  using  the  sin- 
gle probe  to  search  for  acoustic  emission 
from  silicon  nitride  fractures.     In  general, 
signals  from  fracture  of  thin  ('^200  nm)  sili- 
con nitride  skirts  were  not  detected  because 
the  emission  is  thought  to  occur  at  higher 
frequencies  and  because  the  coupling  into  the 
chip  and  substrate  is  poor.     This  was  veri- 
fied by  coating  a  single  beam  probe  with  vis- 
cous acoustic  coupling  compound  and  moving  it 
sideways  into  an  extended  silicon  nitride 
skirt.    A  small  acoustic  emission  burst  was 
recorded  in  the  probe  detector  (operating  at 
1.1  MHz)  but  not  in  the  substrate  detector 
(operating  at  375  kHz). 

Experiments  were  also  carried  out  using  as  a 
probe  a  modified  beam-lead  bonding  tool.  The 


Signals  from  a  well-bonded  beam  with  a 
weak  anchor  at  a  force  of  about  20  mN. 


b.     Signals  from  a  very  weakly-bonded  beam  at 
a  force  of  about  40  mN. 


Figure  55.    Acoustic  emission  signals  from  individual  beams  subjected  to  downward  force  on 
the  horizontal  portion  of  the  beam.     (Upper  trace:  probe  detector;   lower  trace:  substrate  de- 
tector; horizontal  scale:  20  ys/div.) 

71 


ASSEMBLY  AND  PACKAGING 


BEAM 


Figure  56.     Beam-lead  bonding  tool  modified 
to  apply  force  to  the  beams  without  contact- 
ing the  chip. 

inner  walls  of  the  shortened  sides  of  the 
tool  are  about  25  ym  larger  than  the  silicon 
chip  on  all  sides.     The  rim  of  the  probe  was 
coated  with  silicone  rubber  and  molded  with 
a  deep  undercut  pattern  of  the  beams  as  shown 
in  figure  56.     In  use,  the  probe  is  pressed 
down  on  top  of  the  beams;  the  lower  portion 
of  the  silicone  rubber  is  forced  against  the 
substrate  and  bulges  underneath  the  beam  in 
such  a  manner  as  to  lift  the  downward  curving 
portion  of  the  beam,     A  weak  beam  will  be 
lifted  upward  resulting  in  acoustic  emission. 
If  the  bugging  height  is  uniform  and  if  the 
probe  is  properly  aligned  to  the  chip  and  is 
perpendicular  to  the  substrate,  about  1.5  N 
can  be  applied  before  the  device  collapses. 
Most  of  this  force  is  dissipated  by  compress- 
ing the  silicone  rubber  and  only  a  small 
amount  is  actually  applied  as  a  lift  force  to 
the  beams.     This  probe  concept  appears  to  of- 
fer the  best  method  of  stressing  weakly- 
bonded  beams.     The  larger  signal  appears  in 
the  substrate  detector,  partly  because  the 
bond  is  more  closely  related  to  the  substrate 
and  partly  because  the  coupling  from  the 
beams  through  the  silicone  rubber  to  the 
probe  is  relatively  poor.     However  consider- 
ably more  development  is  required  to  increase 
the  operating  life  of  the  probe,  and  to  ob- 
tain reproducible  stressing  forces  and  better 
coupling  to  the  probe  detector.     This  type  of 
probe  is  only  effective  on  devices  with  rela- 
tively uniform  bugging  height  and  bonds  which 
extend  at  least  75  to  100  ym  from  the  chip. 
Unlike  the  other  probes  employed  in  these 
tests,  this  probe  cleanly  strips  off  the  free 
silicon  nitride  skirt  in  all  areas  away  from 
the  beam  and  anchor.     The  silicon  nitride  on 
top  of  the  beams  is  not  disturbed;  the  effect 
of  the  damage  which  does  occur  on  device  per- 
formance and  reliability  has  not  been  deter- 
mined [99]. 


Use  of  Acoustic  Emission  in  Other  Areas  —  Ex 
periments  were  conducted  to  determine  the  fea 
sibility  of  applying  this  technique  to  the 
evaluation  of  bond  integrity  on  film  carrier 
and  reel  systems.     Tests  on  three  different 
types  of  such  systems  indicated  that  the 
acoustic  emission  technique  can  be  effective- 
ly used  for  this  purpose  [99].     In  one  case, 
a  signal  was  obtained  which  could  be  corre- 
lated with  the  separation  of  a  single  solder 
bump.     In  a  second  case,  several  weak  bonds 
in  a  gang-bonded  device  produced  an  emission 
burst.     In  a  third  case,  a  bond  which  was  me- 
chanically solid  despite  the  fact  that  it  had 
a  poor  visual  appearance  emitted  no  bursts. 

Acoustic  emission  bursts  were  also  observed 
when  a  weakly-bonded  chip  capacitor  in  a  hy- 
brid circuit  was  subjected  to  a  downward 
force  of  about  2  N.     Preliminary  experiments 
suggest  that  acoustic  emission  can  also  be 
used  to  supplement  the  nondestructive  wire 
bond  pull  test,  both  to  assist  in  determining 
the  maximum  force  to  be  applied  and  to  assure 
the  nondestructive  nature  of  the  test. 

(G.  G.  Harman) 

8.2.    In-Process  Bond  Monitor 

A  series  of  experiments  was  carried  out  to 
determine  whether  there  is  any  correlation 
between  the  vibration  amplitude  of  an  ultra- 
sonic bonding  tool  during  bonding  and  the 
bond  quality  as  measured  in  terms  of  failure 
modes  and  the  mean  and  standard  deviation  of 
the  pull  test. 

The  experimental  set-up  used  was  similar  to 
that  employed  previously  [101]  except  that 
since  only  the  envelope  of  the  nodal  pattern 
was  monitored  there  was  no  need  for  the  two 
phase-delay  pulse  generators  used  in  the  pre- 
vious work.     The  tool  used  in  these  experi- 
ments was  a  long  0.828-in.   (21.0-mm)  tungsten 
carbide  tool  with  a  4-mil  (100-ym)  foot 
length.     Also,  the  capacitor  microphone  was 
fitted  with  a  stainless  steel  taper  tip  hav- 
ing a  25-mil  (0.64-mm)  diameter  hole.  This 
larger  than  usual  taper  tip  was  chosen  for 
two  reasons,  both  of  which  enhance  its  us- 
ability in  an  industrial  environment.  First, 
it  is  quite  rugged  and  less  easily  damaged. 
Second,  it  gives  an  acceptable  signal  at  low 
gain  and  hence  is  less  susceptible  to  picking 
up  any  extraneous  noise. 

In  all  the  experiments  reported  here,  the 
node  of  the  unloaded  tool  was  found  as  fol- 
lows:    the  tool  was  brought  into  contact  with 
the  wire  to  be  bonded  and  the  power  dial  set- 
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Table  17  —  Pull  Test  Results  for  Monitored  Ultrasonic  Wire  Bonds 


Power  Setting     Failure  Mode  Pull  Strength,     Sample  Standard  Deviation, 

^  gf(mN)  gf(niN) 


2.0 

lift-off 

3.06  (30.0) 

2 

54 

(24.9) 

5.0 

heel  breakage 

9.23  (90.5) 

0 

97 

(9.5) 

7.0 

heel  breakage 

8.81  (86.3) 

0 

75 

(7.4) 

10.0 

heel  breakage 

6.3  (62.0) 

1 

0 

(9.8) 

Control 

mostly  heel  breakage 

9.98  (97.8) 

0 

58 

(5.7) 

ting  was  turned  down  to  its  lowest  position 
(1.0);  the  power  was  then  turned  on  and  the 
microphone  was  raised  and  lowered  along  the 
length  of  the  tool  until  a  minimum  signal  was 
obtained.     This  point  was  checked  occasional- 
ly and  was  found  to  be  fairly  stable. 

The  first  series  of  experiments  employed  alu- 
minum pads  of  good  bondability.     On  a  single 
substrate,  two  different  groups  of  aluminum 
bond  pairs  were  fabricated.     The  first  group, 
the  control  group,  was  made  using  the  follow- 
ing machine  settings  for  both  the  first  and 
second  bonds:     power  setting,  5.0;  bonding 
time,  50  ms;  and  bonding  force,  0.25  N.  The 
control  group  bonds  were  pulled  to  destruc- 
tion in  order  to  establish  that  the  power- 
time-force  combination  used  in  its  fabrica- 
i  tion  produced  acceptable  bonds.     The  predomi- 
|j  nant  failure  mode  found  in  the  pull  test  was 
]  heel  breakage.     The  overall  mean,  x",  and  sam- 
ple standard  deviation,  s,  were  9.98  and  0.58 
j  gf  (97.8  and  5.7  mN) ,  respectively;  these  val- 
:  ues  are  indicative  of  a  satisfactory  bonding 
process  which  is  under  control. 

j  The  second  group,  the  test  group,  was  made 
j  with  the  same  settings  except  that  the  power 
j!  setting  and  bonding  time  for  the  second  bond 
I  were  set  to  zero.     The  second  bond  of  each 
j:  bond  pair  in  this  group  was  then  made  while 
't  the  envelope  of  the  nodal  pattern  was  moni- 
I  tored.     The  force  and  time  employed  were  the 
d  same  as  were  used  in  bonding  the  control 
I  group;  groups  of  eight  bonds  each  were  made 
I'  .with  power  settings  of  2.0,  5.0,  7.0,  and 
10.0. 

,  The  results  of  the  pull  test  are  given  in  ta- 
I  ble  17.  The  pull  strengths  of  the  bonds  made 
!  with  a  power  setting  of  2.0  are  indicative  of 
'  a  bonding  process  which  is  out  of  control. 

Typical  microphone  outputs  (signatures)  are 
,|  shown  in  figure  57.     The  interesting  feature 
':  of  the  signature  of  bonds  made  with  the  low- 


est power  setting  is  the  ringing  characteris- 
tic at  the  beginning  of  the  bonding  cycle  and 
the  gradual  tapering  off  of  the  tool  vibra- 
tion amplitude.     The  bonds  made  with  higher 
power  settings  showed  no  evidence  of  ringing; 
all  these  bonds  failed  at  the  heel.     This  sug- 
gested that  the  microphone  signal  may  be  more 
sensitive  to  weld  formation  rather  than  to 
heel  weakening  due  to  excess  deformation.  It 
appeared  likely  that  the  nodal  pattern  con- 
tains only  information  concerning  the  quality 
of  the  weld.     As  the  power  increases,  the  in- 
terfacial  weld  strength  also  increases.  How- 
ever, at  the  same  time  the  bond  heel  is  fur- 
ther deformed  which  decreases  its  strength 
under  the  application  of  the  pull  test  (NBS 
Spec.  Publ.  400-19,  p.  51). 

Other  experiments  made  with  the  same  tool- 
transducer-power  supply  combination  yielded 
similar  results .    When  the  experiments  were 
repeated  with  a  tool  with  a  2-mil  (50-ym) 
footlength  similar  results  were  also  ob- 
tained.    When  the  experiments  were  repeated 
with  different  power  supply-transducer  com- 
binations, however,  no  ringing  was  observed, 
even  for  the  cases  where  the  bonds  failed  by 
lift  off. 

Since  the  node  rises  during  the  loading  of 
the  tool  during  bonding,  the  vibrational  am- 
plitude at  various  positions  below  the  node 
of  the  unloaded  tool  was  studied  at  various 
power  settings  with  the  original  transducer- 
power  supply  combination.     If  there  were  any 
ringing  in  the  unloaded  tool  below  the  node 
it  was  expected  to  travel  up  to  the  position 
of  the  node  during  bonding  where  it  could  be 
detected  by  the  microphone;  in  this  case  the 
ringing  phenomenon  would  be  suspected  of  be- 
ing an  artifact  of  the  particular  equipment 
being  used.     If  ringing  were  not  there,  then 
there  would  be  some  reason  to  believe  that 
ringing  is  a  true  signature  of  the  lift-off 
failure  mode.     Ringing  was  observed  12  and  52 
mils   (0.30  and  1.32  mm)  below  the  mode  for  a 
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Power  setting:  2.0. 


Power  setting:  5.0. 


c.     Power  setting:  7.0. 


d.     Power  setting:  10.0. 


Figure  57-  Typical  signatures  of  ultrasonic  aluminum-aluminum  wire  bonds  made  with  differ- 
ent power  settings. 


power  setting  of  2.0  but  not  for  power  set- 
tings of  5.0  and  10.0. 

These  investigations  indicate  that  the  pat- 
terns which  seemed  to  be  typical  of  lift-off 
failure  mode  bonds  were  really  artifacts  of 
the  particular  coupling  in  the  power  supply- 
transducer-tool  system  when  power  is  first 
applied  to  the  tool.     Consequently,  it  is 
doubtful  whether  ringing  is  a  true  signa- 
ture of  the  lift-off  failure  mode,  and  so 
further  development  of  this  technique  has 
been  abandoned.  (J.  H.  Albers) 


8.3.    Radioisotope  Leak  Test 

The  first  exploratory  round-robin  evaluation 
of  the  radioisotope  method  for  testing  her- 
meticity  of  semiconductor  devices  (NBS  Spec. 
Publ.  400-8,  p.  40)   [102]  has  been  completed 
and  the  results  analyzed.     In  undertaking  the 
test  it  was  resolved  that  the  first  priority 
was  to  determine  the  precision  (interlabora- 
tory  agreement)  inherent  in  the  radioisotope 
method  when  applied  to  production  devices  and 
that  a  data  base  was  required  upon  which  a 
suitable  draft  standard  could  be  developed. 
The  resultant  experiment  was  principally  an 
accomplishment  of  the  industry  itself;  NBS 


supplied  measurement  guidelines,  calibration 
services,  and  participation  in  the  direction 
and  refereeing  of  the  tests. 

Ten  industrial  organizations  participated  in 
the  experiment  which  was  conducted  according 
to  strict  metrological  guidelines.     To  this 
end  one  specific  type  of  equipment  was  used, 
one  specific  test  sequence  followed,  all 
equipment  serviced  and  calibrated  prior  to 
test,  specimens  neutralized  between  tests, 
and  all  testing  refereed.     A  detailed  trial 
test  sequence  was  formulated  and  evaluated 
experimentally  with  100  production  integrated 
circuit  packages;  the  final  test  sequence  was- 
modified  in  accordance  with  the  results  of 
this  trial.     Since  a  reference  transfer  vac- 
uum gauge  was  essential  for  the  determination 
of  specific  activity  of  the  test  gas  at  each 
site,  a  gauge  was  procured  by  and  calibrated 
at  NBS. 

Test  packages  were  culled  from  large  lots  of  : 
the  selected  type  (14-lead  ceramic  dual  in- 
line) to  provide  a  selection  of  leaks  which 
ranged  from  10"^  to  '\^10~'*  atm-cm^/s  (10~^  to 
'^'10~^  Pa-m^/s)  as  indicated  by  this  method. 
One  hundred  test  packages  were  circulated  to  j 
each  of  the  participating  test  sites;  all 
packages  survived  the  entire  experiment .  Al] 
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tests  were  refereed.     Following  resolution  of 
several  discrepancies,  the  ten  measurements 
on  each  test  package  yielded  leak  rates  which 
agree  to  within  a  fraction  of  the  decade  in 
which  the  mean  value  occurred  [102].  This 
contrasts  with  prior  results  where  the  best 
agreement  was  one  or  more  orders  of  magnitude. 

This  experiment  has  demonstrated  conclusively 
that  an  interlaboratory  comparison  of  her- 
metic packages  can  be  accomplished  under  ap- 
propriate metrological  guidelines.     The  in- 
herent precision  of  production  lipe  radio- 
isotope hermetic  test  equipment  was  deter- 
mined on  a  stock  integrated  circuit  item,  and 
simultaneously  it  was  shown  that  package  leak- 
age can  remain  stable.     There  is  now  an  under- 
standing of  the  variations  that  can  occur 
from  installation  to  installation  and  of  some 
of  the  corrections  that  are  necessary  to  pro- 
vide a  more  uniform  measurement  capability. 

(S.  Ruthberg) 

8.4.    Loose  Particle  Detection* 

Particle  detection  methods  in  current  use 
fall  into  three  major  areas:     x-ray  (visual) 
detection,  monitored  random  vibration  (MRV) 
testing,  and  particle  impact  noise  detection 
(FIND).     Generally  speaking,  x-ray  methods 
are  limited  in  their  ability  to  resolve  very 
small  particles  and  are  time  consuming.  Vi- 
bration testing  methods  rely  on  the  loose  par- 
ticle causing  a  detectable  electrical  mal- 
function of  the  energized  microcircuit  tested, 
[     Farticle  impact  noise  detection  methods  rely 
j     on  the  particle  being  shaken  loose  by  vibra- 
I     tion,  hitting  the  circuit  enclosure,  and  gen- 
1     erating  a  signal  which  can  be  detected  by  an 
attached,  sensitive  transducer. 

It  is  the  last  method  which  is  currently  used 
by  a  number  of  manufacturers  of  microcircuits 
to  detect  loose  particles,  primarily  in  cir- 
cuits for  military  end  use  in  high  reliabil- 
ity devices.     Despite  the  fact  that  these  or- 
ganizations have  apparently  used  100-percent 
screening,  a  number  of  loose-particle-induced 
circuit  failures  have  occurred,  suggesting 
that  the  screening  methods  used  are  not  com- 
pletely reliable. 

I     A  part  of  the  problem  appears  due  to  the  lack 
I     of  uniformity  among  the  particular  test  pro- 
cedures used  by  the  manufacturers.     This  was 
brought  out  at  a  recent  meeting  [103]  at 
which  it  was  concluded  that  no  two  contract- 
ors use  the  same  set  of  conditions  for  the 
test  parameters  such  as  frequency,  accelera- 


tion, axis  of  application,  duration,  oscillo- 
scope sensitivity,  and  conditioning  shocks. 
Consequently  there  is  disagreement  as  to  the 
effectiveness  of  this  test  method.     The  de- 
sire was  expressed  for  a  uniform  test  method, 
including  calibration  standards  and  optimized 
parameters.     Particular  areas  in  need  of  stan- 
dardization cited  include:     the  transducer, 
seeded  packages  for  calibration  purposes,  at- 
tachment media  (tape,  couplant) ,  precondition- 
ing, on-the-shaker  shock,  parameters  such  as 
the  vibration  frequency  and  amplitude,  the 
package  size,  and  electrical  bias  effects. 

Currently  a  draft  procedure  is  being  consid- 
ered for  inclusion  in  MIL-STD-883,  Test  Meth- 
ods for  Microcircuits.     This  procedure,  in 
brief,  requires  a  small  vibrational  shaker 
with  low  inherent  noise,  a  noise  detection 
system,  an  attachment  medium,  and  a  shock 
tool  to  help  detach  loose  particles  which  may 
have  become  temporarily  attached  to  the  in- 
side of  the  microcircuit  enclosure.     In  the 
use  of  the  procedure,  the  microcircuit  under 
test  is  attached  to  an  ultrasonic  transducer 
which  is  mounted  on  the  shaker .     During  vi- 
bration, particles  present  in  the  microcir- 
cuit are  shaken  loose  and  impact  the  walls 
of  the  circuit  enclosure  producing  an  acous- 
tic impact  signal.     This  signal  is  picked  up 
by  the  ultrasonic  transducer,  amplified  by 
a  transducer  amplifier,  and  made  audible  by 
a  speaker.     The  output  can  also  be  displayed 
on  an  oscilloscope.     If  the  particle  cannot 
readily  be  shaken  loose  to  produce  the  im- 
pact signal,  a  shock  tool  is  applied  to  the 
circuit  enclosure  to  facilitate  this  without, 
however,  damaging  the  circuit  itself. 

The  proposed  particle  impact  noise  test  speci- 
fies vibration  frequencies  and  amplitudes, 
suggests  a  type  of  vibration  shaker  and  sev- 
eral attachment  media,  recommends  a  particu- 
lar commercial  acoustic  noise  detection  sys- 
tem, and  a  commercial  shock  tool.     It  also 
specifies  the  test  procedure  to  be  used. 
Discussions  with  a  variety  of  manufacturers 
of  semiconductor  circuits  using  variations 
of  this  test  suggested  that:     test  equipment 
specifications  and  details  of  procedure  are 
not  sufficiently  explicit  in  some  areas  to 
lead  to  repeatable  and  replicable  results 
and,  where  they  are  explicit,  there  is  little 
assurance  that  they  describe  optimum  condi- 
tions . 


Principally  funded  by  SAMSO  with  additional 
funding  from  the  NBS  Nondestructive  Evalua- 
tion Program. 
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Accordingly,  a  task  was  undertaken  to  inves- 
tigate the  FIND  test  by  examining  the  equip- 
ment and  procedure  in  detail  to  obtain  exper- 
imental data  leading  to  an  optimized  test. 
An  additional  objective  is  to  develop  stan- 
dard seeded  microcircuits  which  can  serve  as 
reference  standards  for  in-house  checking  of 
FIND  test  equipment  and  procedures  by  way  of 
round-robin  experiments. 

Since  seven  of  the  nine  major  manufacturers 
as  well  as  some  users  of  these  microcircuits 
use  a  particular  brand  of  commercial  FIND 
system  and  a  particular  shock  tool,  these 
were  procured  for  investigation.     In  addi- 
tion, a  selection  of  seeded  circuits  was  ob- 
tained from  one  of  the  manufacturers.  Pre- 
liminary experimental  work  was  conducted,  us- 
ing the  seeded  cans,  to  gain  experience  with 
the  equipment.     Following  this,  a  more  struc- 
tured investigation  was  started. 

An  experiment  was  conducted  to  determine  the 
effectiveness  of  the  various  attachment  media 
specified  in  the  FIND  test  procedure  to  trans- 
mit vibrational  accelerations  to  a  simulated 
microcircuit ,  as  represented  by  a  subminia- 
ture  piezoelectric  accelerometer  mounted  on  a 
small  flat  aluminum  base.     The  total  weight 
of  both  components  was  0.4  g.     The  test  accel- 
erometer was  first  directly  mounted  on  the  ta- 
ble of  an  electromagnetic  vibration  exciter 
and  a  frequency  response  was  run  against  the 
built-in  reference  accelerometer.     The  test 
accelerometer  was  then  attached  to  the  table 
by  means  of  one  of  the  attachment  media  and 
the  response  was  again  measured  over  a  fre- 
quency range  from  30  to  5000  Hz,  at  accelera- 
tion amplitudes  of  10  and  20  g^.     The  data 

show  response  ratios  between  direct  mounted 
and  couplant-attached  accelerometer  outputs 
with  a  maximum  spread  from  0.94  to  1.03  for 
the  three  couplants  tested.     Over  the  fre- 
quency range  from  30  to  1000  Hz,  considered 


Table  18  —  Representative  Response  Frequen- 
cies of  Metal  Spheres  Impacting  a 
Steel  Surface 


Material 

Weight,  ug 

Frequency,  kHz 

Gold 

10 

621 

Steel 

10 

825 

Aluminum 

1  .4 

1270 

most  likely  to  be  the  FIND  operating  range, 
response  ratios  ranged  from  0.97  to  1.03. 
This  suggests  that  none  of  the  three  cou- 
plants tested  is  likely  to  significantly  re- 
duce the  acceleration  applied  to  the  micro- 
circuits  attached  to  the  FIND  equipment. 

It  was  felt  desirable  to  attempt  to  determine 
the  theoretical  frequencies  generated  when 
loose  particles  impact  the  walls  of  the  mi- 
crocircuit enclosure.     This  was  considered  as 
the  case  of  the  impact  of  a  solid  sphere  on 
an  elastic  plate  which  is  a  classical  problem 
[104].     If  the  velocity  of  impact  is  small 
and  the  diameter  of  the  sphere  is  small  com- 
pared with  the  thickness  of  the  plate,  the 
response  frequency  is  proportional  to  the  ra- 
tio of  the  impact  velocity  to  Poisson's  ratio. 
Assuming  vibrational  accelerations  with  an  am- 
plitude of  10        (zero  to  peak)  at  60  Hz,  val- 
ues were  calculated  for  representative  metal 
spheres  impacting  a  steel  surface;  the  re- 
sults are  given  in  table  18.     These  frequen- 
cies are  considerably  higher  than  the  fre- 
quency of  maximum  response  of  the  FIND  system, 
which  is  in  the  range  from  130  to  170  kHz. 
Nevertheless,  the  former  should  be  able  to 
shock  excite  the  latter,  thus  producing  a  mea- 
surable output.  (P.  S.  Lederer+, 
J.  S.  Hilten''',  and  C.  F.  Vezzetti"*") 
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9 .    DEVICE    INSPECTION    AND  TEST 


9.1.    Dual-Laser,  Flying-Spot  Scanner 

Temperatupe  Measurement  —  A  method  has  been 
developed  to  obtain  a  quantitative  measure  of 
the  localized  temperatures  within  operating 
bipolar  silicon  devices.     The  method  employs 
the  temperature  enhancement  of  the  1.15-ym 
photoresponse  discussed  previously  (NBS  Spec. 
Publ.  400-25,  p.  58).     One  of  the  advantages 
of  the  method  is  that  the  spatial  temperature 
resolution  may  be  as  fine  as  the  size  of  the 
spot  used  for  scanning,  which  is  five  to  ten 
times  finer  than  the  resolution  which  can  nor- 
mally be  achieved  with  other  methods  for  mea- 
suring localized  temperatures. 

In  developing  the  method,  a  generalized  bi- 
polar transistor  element  first  was  analyzed 
with  the  temperature-indicating  photogenera- 
tion  allowed  to  occur  simultaneously  within 
the  emitter,  base,  and  collector  regions 
while  at  the  same  time  the  device  was  biased 
for  its  normal  service  as  an  amplifier  of 
electrical  signals.     For  the  usual  common- 
emitter  configuration,  the  collector  current, 

j   ,  for  the  transistor  element  was  found  to 
c 

be 


Jc  = 


^b^F  JhuEMIT^F 


(22) 


where  3^  is  the  forward  current  gain,  j,  is 
r  b 

the  base  current  supplied  from  an  external 
electrical  source,  and  j^^EMIT'  J'hvBASE'  ^"'^ 
•'"hvCOLL^^^  the  photocurrents  generated  in  the 
emitter,  base,  and  collector  regions  respec- 
tively.    For  most  devices  of  interest,  and  in 
particular  for  the  2N4431  UHF  transistors 
used  to  test  the  method,  the  first  two  photo- 
currents  may  be  neglected  with  respect  to  the 
third : 


Jc  ~- 


V  ^  jhuCOLL^^F^') 


(23) 


A  plot  of  j|^yQQ[_[_        a  function  of  tempera- 
ture is  readily  obtained  by  measuring  the 
base-collector  photodiode  response  with  the 
transistor  in  thermal  contact  with  a  heat 
source  of  known  and  adjustable  temperature. 
The  base-collector  photoresponses  to  1.15- 
and  0,633-vim  radiation,  normalized  to  their 
values  at  30°C  are  shown  for  a  representative 
device  in  figure  58.     The  temperature  enhance- 


ment of  the  1.15-ym  photoresponse  is  a  bulk 
effect;  analysis  shows  that  the  photoresponse 
can  be  fitted  by  theory  when  the  effects  of 
both  the  increase  in  phonon  population  and  de- 
crease in  bandgap  are  included. 

By  scanning  a  device  with  the  1.15-Mm  laser, 
a  map  of  the  photoresponse  is  obtained.  If 
the  current  gain  is  spatially  uniform,  this 
photoresponse  may  be  interpreted  directly 
with  the  aid  of  a  calibration  curve  such  as 
the  upper  one  in  figure  58  to  yield  a  map  of 
local  temperature.     If  the  gain  is  not  spa- 
tially uniform,  which  occurs  when  a  device  is 
operating  in  the  hot-spot  regime,  it  is  nec- 
essary to  correct  the  1.15-pm  photoresponse 
for  gain  variations .     This  can  be  done  by 
scanning  the  device  with  the  0.633-ym  laser, 
since  the  0.633-pm  photoresponse  is  indepen- 
dent of  temperature . 

Several  2N4431  transistors  operating  in  the 
hot-spot  regime  were  used  to  test  this  elec- 
tronic thermal  mapping  method.  Temperature 
profiles  through  the  center  of  the  hot  spot 
were  made  with  both  the  laser  scanner  [105] 
and  a  commercial  infrared  microradiometer  on 
two  devices.     The  resulting  temperature  pro- 
files are  shown  in  figure  59.     The  spatial 
resolution  for  the  microradiometer  was  35  pm, 
compared  to  4  ym  for  the  laser  scanner.  Im- 
plicit in  the  calibration  of  the  microradiom- 
eter is  the  assumption  that  the  object  fill- 
ing the  field  of  view  has  a  uniform  tempera- 
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Figure  58.     Photoresponse  of  a  typical  2N^^31 
UHF  transistor  to  0.633"  and  l.lS-ym  radia- 
tion as  a  function  of  temperature. 
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DISTANCE  ImilsJ  DISTANCE  |mlls| 


a.     Device  No.  7.  b.     Device  Ho.  9. 

Figure  59-     Temperature  profile  of  hot  spots  in  typical  UHF  transistors  as  measured 

with  a  laser  scanner  (o)  and  an  infrared  mi crorad iometer  (•) . 


Figure  60.     Photograph  of  the  reflected  light 
plus  photoresponse  image  obtained  when  the 
0.633"Mm  laser  beam  scans  *the  bacl<  side  of  a 
silicon-on-sapphire  C-MOS  4007  inverter. 


Figure  61.     Photograph  of  the  reflected  light 
image  obtained  when  the  l.lS-ym  laser  beam 
scans  the  back  side  of  a  flip-chip  C-MOS  4007 
i  nverter . 


I nput  vol tage :     0  V , 


Input  voltage:     -1.5  V. 


Figure  62.  Photographs  of  the  reflected  light  plus  photoresponse  image  obtained  when  the 
1.15-ym  laser  beam  scans  the  back  side  of  a  flip-chip  709  operational  amplifier. 
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ture.     When  the  microradiometer  is  focused  on 
the  center  of  a  hot  spot  in  which  the  peak 
temperature  occurs  over  a  region  much  smaller 
than  35  ym  across,  it  interprets  the  radiant 
energy  it  intercepts  as  coming  from  a  uniform, 
but  lower,  temperature.     The  discrepancy 
should  not  be  as  great  when  the  microradiome- 
ter is  focused  on  a  temperature  slope  since 
'i    it  is  receiving  energy  both  from  hotter  and 
'    colder  portions  simultaneously.     The  results 
I    shown  are  consistent  with  both  of  these  prem- 
ises. (D.  E.  Sawyer  and  H.  P.  D.  Lanyon" ) 

Back  side  Inspection  —  The  possibility  of  us- 
ing the  laser  scanner  to  look  through  the 
1    back  side  of  devices  was  briefly  explored. 
Use  of  this  technique  permits  inspection  or 
failure  analysis  of  flip-chip  or  beam-lead 
devices  which  are  mounted  circuit  side  down. 
I    Another  significant  advantage  in  scanning  a 
{    device  from  the  back  side  is  that  greater  ac- 
cessibility to  the  active  regions  is  obtained 
,    because  metal  does  not  block  the  optical  ra- 
j    diation.     A  disadvantage  is  that  the  surface 
'    of  the  back  side  is  generally  unpolished,  and 
the  roughness  degrades  the  image  obtained. 
This  problem  can  be  alleviated  somewhat  by 
placing  a  drop  of  oil  or  other  substance  on 
the  device  in  an  attempt  to  match  indices  of 
1    refraction  at  the  rough  surface.     The  inter- 
ij    face  between  the  air  and  this  substance  is  a 
j    smooth  one,  and  image  distortions  are  gener- 
I    ally  not  caused  by  it. 

jj    Three  devices  were  examined  from  the  back 

side  with  the  laser  scanner  [105].    A  silicon- 
on-sapphire  C-MOS  4007  inverter  was  bonded  in- 
to a  special  flat-pack-type  holder  that  could 
be  examined  from  either  the  circuit  side  or 
the  back  side.     The  sapphire  is  transparent 
to  the  0.633-um  laser  light  which  was  used  to 
scan  the  device.    A  drop  of  oil  was  put  on 
the  surface  to  improve  the  image.     The  re- 
flected light  image  mixed  with  the  photore- 
sponse  signal  is  shown  in  figure  60.     Of  the 
four  transistors  shown  in  the  figure,  only 
the  lower  right  hand  one  was  electrically 
connected.     The  five  brightly  lit  stripes  are 
the  gate  area. 

A  bulk-silicon,  flip-chip  C-MOS  4007  was  also 
examined  from  the  back  side  with  the  laser 
scanner.    Unlike  sapphire,  silicon  is  not 
transparent  to  the  visible  light  and  the  in- 
frared (1.15-ym)  laser  had  to  be  used.  The 
bulk  device  was  mounted  in  the  same  manner  as 
the  sapphire  device.     Figure  61  shows  a  re- 
flected light  image  obtained  by  scanning 
through  the  back  side  which  was  polished,  so 
that  no  oil  was  needed. 


A  flip-chip  type  709  operational  amplifier 
was  also  studied.     This  bulk  silicon  device 
had  its  part  number  scratched  into  the  back 
surface  which  was  unpolished.     The  infrared 
laser  was  used,  and  a  drop  of  oil  was  put  on 
the  surface.     The  operational  amplifier  was 
connected  for  normal  circuit  operation  in  an 
amplifier  stage  with  a  gain  of  10.     The  re- 
flected light  image  superimposed  on  the  photo- 
response  is  shown  in  figure  62  for  two  operat- 
ing conditions.     In  the  display  obtained  with 
the  input  held  at  0  V  (fig.  62a)  different 
transistors  in  the  circuit  yield  larger  pho- 
toresponse  than  in  the  display  obtained  with 
the  input  at  -1.5  V  (fig.  62b),  which  is  suf- 
ficiently large  to  saturate  the  device. 

(D.  W.  Berning  and  D.  C.  Lewis"*") 

Instrumental  Improvements  —  A  conventional 
color  TV  set  was  modified  to  serve  as  a 
three-gun  color  display  for  the  laser  scanner. 
With  this  display  the  various  information 
channels  can  be  displayed  at  the  same  time 
and  still  maintain  their  identity.     For  ex- 
ample, the  reflected  light  signal  can  be  pre- 
sented in  one  color  and  photoresponse  in  an- 
other.    If  the  device  under  investigation  has 
two  power  supply  connections,  a  third  color 
can  be  used  for  the  second  supply  photore- 
sponse.    Another  application  of  the  colors 
involves  mixing  the  colors  in  proportions  re- 
lating to  specimen  photoresponse  voltage. 
The  eye  can  discriminate  between  various  hues 
very  easily.     With  the  monochromatic  display, 
areas  on  the  specimen  producing  equal  photo- 
response can  only  be  accurately  compared  by 
careful  measurement  using  the  vertical  deflec- 
tion technique,  but  with  the  color  display 
it  is  easy  to  see  at  a  glance  the  areas  pro- 
ducing equal  photoresponse.     Isothermal  con- 
tours of  transistors  in  hot-spot  operation 
can  also  be  identified  easily. 

(D.  W.  Berning) 

9.2.    Scanning  Acoustic  Microscopy 

This  task  was  undertaken  with  the  aim  of  pro- 
ducing, if  feasible,  a  scanning  acoustic  mi- 
croscope suited  to  examination  of  solid-state 
devices.     Rather  than  sensing  the  dielectric 
properties  of  surfaces  as  in  optical  micros- 
copy, the  acoustic  microscope  responds  to  the 


Worcester  Polytechnic  Institute,  Worcester, 
Mass.  01609. 

''"office  of  Naval  Research,  Washington,  D.C. 
22217. 
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a.     Transmission  Tno'de,  cw  only. 


b.     Reflection  mode,  cw  or  pulse. 


Figure  63.     Comparison  of  operating  modes  of  the  scanning  acoustic  microscope. 


mechanical  characteristics  of  surfaces  and 
near  subsurface  regions.  It  is  this  basic 
difference  in  response  which,  it  is  hoped, 
will  reveal  useful  information  that  is  not 
evident  in  ordinary  light  microscopy. 

The  initial  activity  of  the  Stanford  portion 
of  this  task  has  been  focused  on  the  problem 
of  perfecting  an  instrument  which  is  capable 
of  operating  in  a  pulsed  mode  with  a  frequen- 
cy near  1000  MHz  and  with  a  resolution  that 
is  less  than  1  ym.     Consequently,  a  major 
part  of  the  work  has  been  concerned  with  in- 
strument development. 

The  Stanford  instrument  which  existed  at  the 
start  of  the  contract  effort  was  a  transmis- 
sion mode  microscope  developed  mainly  for  ex- 
amination of  biological  specimens  [106]. 
This  design  has  been  modified  for  reflection 
mode  operation  [107].     Figure  63  shows  a  com- 
parison between  the  two  modes.     The -transmis- 


sion mode  microscope  was  designed  for  cw  oper- 
ation; cw  operation  is  possible  in  the  reflec- 
tion mode  if  the  pulse  generator,  modulator, 
gate  and  delay  blocks  are  omitted. 

If  the  specimen  surface  is  not  precisely  par- 
allel to  the  scan  plane,  changes  in  the 
length  of  the  transmission  path  during  a  cw 
scan  produce  a  distracting  moire  pattern  as 
shown  in  figure  64a.     Pulsed  operation  avoids 
this  difficulty  as  figure  64b  illustrates, 
since  the  transmitted  and  reflected  signals 
do  not  co-exist  and  thus  cannot  interfere. 
In  the  reflection  mode,  one  must  choose  the 
lens  length  such  that  reflections  other  than 
those  from  the  specimen  (for  example,  from 
the  outer  annulus  of  the  lens  face)  do  not  ob- 
scure the  desired  signal. 

Pulsed  operation  has  necessitated  a  redesign 
of  the  matching  networks  between  the  coaxial 
line  and  the  zinc-oxide  transducer  to  provide 


a.     Reflection  mode,  cw  operation, 


b.     Reflection  mode,  pulsed  operation, 


Figure  6k.     Acoustic  images  showing  differences  between  cw  and  pulsed  operation, 
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a.    Acoustic  image,  reflection  mode,  pulsed 
operation;  magnification:  'vigOOx. 


b.    Acoustic  image,  reflection  mode,  pulsed 
operation;  magnification:  '\^1300x. 


c.    Optical   image,   interference  contrast; 
magnification:  '^'1^00x. 

Figure  65.     Comparison  between  9^0-MHz  acous- 
tic images  of  a  bipolar  microwave  transistor 
with  2-ym  wide  metal  fingers  and  a  photomi- 
crograph taken  with  interference  contrast. 

! 


wider  bandwidth  in  order  to  avoid  pulse  dis- 
tortion.    The  current  bandwidth  of  200  MHz  is 
adequate  for  the  75-ns  pulse  lengths  now  be- 
ing used.     In  addition  to  removing  the  moire 
pattern,  use  of  these  short  pulses  has  appar- 
ently increased  the  image  clarity  and  im- 
proved the  resolving  power.     The  reasons  for 
this  improvement  are  not  understood;  much 
more  remains  to  be  done  in  developing  the  the- 
ory of  imaging  using  focused  acoustic  waves. 

New  microscope  systems  have  been  built  in 
which  the  operating  frequency  has  been  in- 
creased from  350  MHz  to  600  MHz  and,  most  re- 
cently, to  940  MHz.     The  wavelength  in  water 
decreased  from  4.3  ym  to  2.5  ym  and  1.6  ym, 
respectively,  with  correspondingly  improved 
resolution.     The  resolution  achievable  with 
the  940-MHz  instrument  is  illustrated  in  fig- 
ure 65,     The  scale  in  those  images  can  be  re- 
alized from  the  width  of  the  fingers  which  is 
2  ym.     These  are  clearly  resolved  in  the  two 
acous,tic  images  of  different  magnification. 
These  and  related  studies  suggest  that  the 
limit  of  resolution  is  now  less  than  0.5  ym 
which  is  approaching  one-third  of  a  wave- 
length.    An  optical  photo  taken  with  a  Nomar- 
ski  type  of  interference  microscope  is  in- 
cluded in  the  figure  for  comparison;  this  im- 
age represents  something  approaching  the 
state-of-the-art  in  optical  microscopy.  This 
comparison  shows  that  the  details  available 
from  the  optical  image  are  accurately  repro- 
duced in  the  acoustic  image.     The  raggedness 
at  the  edge  of  the  rectangular  pad  in  the 
acoustic  images  is  a  result  of  excessive 
noise  on  the  mechanical  scanning  system. 
This  can  be  eliminated  with  some  improvement 
in  the  design  of  the  scanning  circuits  in 
this  system. 

Attenuation  in  water  decreases  significantly 
with  increasing  temperature,  as  shown  in  the 
curves  of  figure  66.     With  this  in  mind  it 
should,  in  principle,  be  possible  to  monitor 
point  by  point  the  temperature  profile  of  an 
operating  device.     With  a  given  circuit  un- 
der power,  those  regions  which  are  hot 
should  appear  brighter  in  the  image  since  the 
liquid  absorption  in  the  heated  region  is  di- 
minished as  compared  to  the  unheated  region. 
With  scanning  this  temperature  profile  should 
show  up  as  variations  in  the  brightness  of 
the  image.     Although  a  first  demonstration  of 
this  principle  was  successful,  the  minimum 
detectable  temperature  change  and  the  possi- 
ble spatial  resolution  have  not  yet  been  es- 
tablished . 

Initial  work  was  undertaken  to  study  the  ef- 
fectiveness of  using  reflection-type  imaging 


i 


DEVICE  INSPECTION  AND  TEST 


0.5  1.0  1,5  2.0 


FREQUENCY  |GHz| 

Figure  66.     Frequency  dependence  of  attenua- 
tion of  acoustic  waves  in  water  at  various 
temperatures . 


a.     Normal   incidence.  b.    Angle  of  incidence:     20  deg  from  norma 

Figure  67.  Acoustic  images,  reflection  mode  at  9^0  MHz,  of  an  integrated  circuit  showing 
tine  effect  of  non-normal  incidence. 


Figure  68.  Spherical  tool  grinder  for  making  Figure  69.  Photograph  of  the  tool  grinder, 
acoustic  lenses. 
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where  the  acoustic  beam  is  not  at  normal  in- 
cidence to  the  plane  of  the  specimen.     It  is 
a  relatively  easy  matter  to  tilt  the  sub- 
strate and  record  the  image  in  this  off-axis 
arrangement.     A  comparison  of  images  obtained 
with  normal  and  non-normal  incidence  is  shown 
in  figure  67.     It  can  be  seen  that  the  qual- 
ity of  the  off-axis  image  is  at  least  as  good 
as  the  image  at  normal  incidence,  and  some  of 
I  the  finer  detail  stands  out  with  more  crisp- 
ness.     This  technique  appears  to  be  worthy  of 
detailed  study.  (C.  F.  Quate^ ) 

Since  the  acoustic  losses  in  water,  the  trans- 
j  mission  medium  between  lens  and  specimen,  in- 
crease  as  the  square  of  the  frequency  to 
about  100  dB/mm  at  1  GHz,  the  path  length  is 
j   severely  limited  at  the  higher  frequencies. 

For  this  reason,  it  has  been  necessary  to  de- 
'   vise  means  for  making  concave  lens  surfaces 
j   of  very  small  radius.     As  the  lens  diameter 
is  reduced  the  acoustic  path  length  in  the 
liquid  cell  between  the  two  confocal  lens  sur- 
faces is  reduced.     This  reduction  permits  use 
of  the  microscope  at  higher  operating  frequen- 
cy with  a  fixed  attenuation. 

A  new  machine  has  been  designed  and  built  for 
the  purpose  of  grinding  spherical  tips  on 
I    tiny  rods.     These  spherical  tips  are  the  tool 
'   which  is  used  to  grind  and  polish  the  lenses . 
The  efficiency  of  the  machine  is  so  good  that 
several  tips  can  be  fabricated  in  an  hour. 
This  means  that  it  is  feasible  to  use  a  sepa- 
rate tip  for  each  lens.     A  schematic  of  the 
principle  of  operation  of  the  machine  is 
shown  in  figure  68.     A  spherical  surface  is 
produced  by  rotation  about  axis  H  and  oscil- 
lation about  axis  W  if  H  and  VV  intersect. 
A  photograph  of  the  completed  instrument  with 
a  tip  mounted  in  the  rotating  holder  is  shown 
in  figure  69.     With  these  improvements,  lens- 
es with  a  radius  of  50  pm  have  been  success- 
I    fully  ground  and  polished.     This  is  a  signifi- 
;    cant  decrease  since  the  lenses  used  to  record 

the  images  as  reported  here  had  a  radius  of 
i,    100  pm.    The  factor  of  two  in  radius  should 
]   permit  the  operating  frequency  to  be  in- 
I    creased  by  40  percent.  (W.  A.  Bond^ ) 

I    The  inital  objective  of  the  Hughes  portion  of 
!    the  task  was  to  construct  a  second-generation 
I    laboratory  microscope  with  the  most  useful 
I    features  for  examining  solid-state  devices, 
building  on  the  knowledge  and  experience 
available  from  Stanford.     Such  an  instrument 
i    has  been  constructed.     This  microscope  was  de- 
signed to  operate  at  400  MHz  in  the  cw  reflec- 
tion mode.     Since  being  placed  in  operation 
around  mid-April,  the  microscope  has  demon- 
strated good  day-to-day  mechanical  and  elec- 
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Figure  70.     Frequency  response  of  return  and 
transmission  loss  of  two  sputtered  glass 
acoustic  ant i -ref 1 ect ion  coatings  (AARC) . 
(The  experimental  arrangement  is  shown  inset. 

tronic  stability.     The  resolution  appears  to 
be  better  than  2.5  ym.     Pulsed  operation  has 
been  achieved  in  a  separate  bench-top  appara- 
tus to  establish  the  correct  behavior  of  the 
additional  electronic  circuitry  but  has  not 
yet  been  incorporated  in  the  microscope.  Pre 
liminary  experiments  show  that  the  useful 
depth  of  field  at  400  MHz  is  about  20  pm,  a 
figure  which  does  not  appear  to  impose  seri- 
ous limitations  on  the  utility  of  the  instru- 
ment . 

An  anti-reflection  coating  has  been  developed 
to  reduce  signal  losses  at  the  lens-water  in- 
terface [108].     The  performance  improvement 
gained  by  use  of  the  anti-reflection  coating 
is  shown  in  figure  70.     Of  the  maximum  possi- 
ble 18  dB-signal  loss  reduction,  17-dB  loss 
reduction  is  achieved.     The  geometry  of  the 
experiment  is  shown  in  the  inset  of  the  fig- 
ure. (R.  G.  Wilson^  and  R.  D.  Weglein^) 


Work  conducted  at  Microwave  Laboratory, 
Stanford  University,  under  NBS  Contract  No. 
5-35899.     NBS  contact  for  additional  infor- 
mation:    R.  I.  Scace . 

'work  conducted  at  Hughes  Research  Laborato- 
ries under  NBS  Contract  No.   5-35898.  NBS 
contact  for  additional  information:     R.  I. 
Scace . 
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9.3.    Scanning  Electron  Microscopy 

Eleotron-Beam-Induaed  Damage  —  Illustrations 
of  typical  electrical  parameter  changes  en- 
countered in  integrated  circuits  examined  us- 
ing the  scanning  electron  microscope  (SEM) 
and  the  use  of  radiation  dose  for  describing 
electron  beam  ionization  damage  have  been 
presented  earlier  (NBS  Spec.  Publ.  400-17, 
pp.  43-46)   [109].     These  considerations  are 
especially  important  in  developing  an  analy- 
sis strategy  to  minimize  the  destructive  as- 
pects of  device  examination  with  an  SEM. 

The  relevance  of  the  energy  deposited,  rather 
than  simply  exposure  time  or  electron  energy, 
in  understanding  the  effects  of  SEM  exposure 
can  be  illustrated  through  the  threshold  volt- 
age shifts  (AVyj^)  of  a  p-channel  MOS  tran- 
sistor.    For  this  device,  the  gate  oxide  (the 
critical  oxide)  was  100  nm  of  silicon  dioxide 
beneath  approximately  1  ym  of  aluminum  (the 
gate)  which  in  turn  was  beneath  a  silicon  di- 
oxide overcoat  approximately  1  pm  thick.  SEM 
exposures  were  made  of  four  specimens,  two  at 
17.5  keV  and  two  at  30  keV,  at  an  electron 
flux  of  5.2  X  10^0  cm"^-s"l.     The  device 
leads  were  floating  during  exposure.  The 
shift  in  threshold  voltage  for  the  two  beam 
energies  is  shown  in  figure  71.     When  the 
shifts  are  plotted  as  a  function  of  exposure 
time,  two  curves  result  (fig.  71a).     These  da- 
ta can  also  be  replotted  as  a  function  of  the 
radiation  dose  delivered  to  the  critical  ox- 
ide; plotted  in  this  manner,  the  shifts  ap- 
proximately fall  along  the  same  curve  (fig. 
71b)  demonstrating  that  the  relevant  parame- 


ter for  understanding  oxide  effects  is  the 
dose . 

Even  though  the  calculations  of  dose  are  not 
always  convenient  or  even  necessary,  the  ex- 
pression for  dose, 
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(24) 


yields  certain  insights  which  are  useful  in 
understanding  how  to  minimize  beam  damage. 

The  first  factor  relates  strictly  to  parame- 
ters of  the  SEM  exposure:  the  beam  current, 
Ig;  time,  t;  and  magnification,  which  is  re- 
lated to  the  scanned  area,       .     Obviously  the 

energy  deposited  can  be  reduced  by  reducing 
I g  and  t .     Reducing  the  area  scanned  (increas 

ing  magnification)  locally  increases  the  dose 
The  second  factor,  the  energy  of  the  elec- 
trons in  the  beam,  is  the  quantity  which 
links  the  strictly  SEM  parameters  to  the  de- 
vice geometrical  parameters  of  the  third  fac- 
tor; Eg  determines  the  depth  to  which  the 

electrons  penetrate.     In  the  last  factor,  f^^ 

is  the  fraction  of  the  incident  electron  en- 
ergy deposited  in  the  critical  oxide  region 


of  thickness,  T 


ox 


This  fraction  depends  on 


both  the  device  structure  and  the  beam  energy 
In  particular,  f^^  is  zero  if  the  energy  in 

the  beam  is  absorbed  in  inactive  layers ,  such 
as  the  passivation  overcoat  and  metallization 
above  the  critical  oxide.     For  the  example 
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a.     Plotted  as  a  function  of  exposure  time. 


Plotted  as  a  function  of  absorbed  dose, 


Figure  71.  Change  in  threshold  voltage,  AVj^,  of  a  p-channel  MOS  transistor  as  the  result 
of  exposure  to  an  electron  flux  of  5-2  x  lOlU  cm'^-s"-^  at  energies  of  17.5  and  30  keV  in  a 
scanning  electron  microscope. 
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discussed  above,  no  energy  is  deposited  in 
the  critical  oxide  for  beam  energies  of  15 
keV  and  below.     If  energy  is  not  deposited  in 
oxide  regions  critical  to  the  device  opera- 
tion, the  electrical  parameters  of  the  device 
will  not  be  altered. 

Any  possible  electrical  parameter  degradation 
resulting  from  the  electron  beam  must  be  care- 
fully considered  when  developing  a  quality  as- 
surance program,  performing  construction  anal- 
ysis, or  planning  a  failure  analysis  proce- 
dure involving  device  inspection  in  the  SEM. 
If  a  device  is  expected  to  function  electri- 
cally after  SEM  examination,  it  is  essential 
to  develop  a  careful  analysis  strategy  based 
on  the  parameters  in  eq  (24)  before  the  de- 
vice is  placed  in  the  SEM  specimen  chamber. 

(K.  F.  Galloway, 
W.  J.  Keery,  and  K.  0.  Leedy) 

Electron-Becm-Induaed-Current  Mode  —  A  sim- 
ple method  of  calculation  for  estimating  the 
magnitude  of  the  electron-beam-induced  cur- 
rent (EBIC)  in  simple  device  structures  has 
been  described  previously  (NBS  Spec.  Publ. 
400-19,  pp.  56-59)   [110].     Some  of  the  limita- 
tions of  this  method  were  illustrated  by  com- 
paring the  EBIC  signals  from  a  diode  inten- 
tionally doped  with  a  metallic  impurity  and 
from  a  simple  npn  transistor  with  the  cur- 
rents calculated  using  the  simple  method. 

Consider  first  a  typical  EBIC  application  in 
the  imaging  of  a  subsurface  defect.     An  EBIC 
image  of  a  diode  intentionally  doped  with 
copper  is  shown  in  figure  72a.     There  is  ap- 
parent copper  clustering  at  defect  sites  in 
the  silicon  as  expected  from  the  work  of 
Schwuttke  [111].     The  EBIC  signal  as  a  250 
pA,  10  keV  electron  beam  traverses  one  of 
these  clusters  at  high  magnification  is  shown 
in  figure  72b.     Away  from  the  cluster,  the 
gain  is  720  whereas  the  calculation  based  on 
the  simple  method  would  predict  approximately 
2500.     In  the  cluster  region,  the  gain  is  re- 
duced further  by  a  factor  of  3.     The  gain  re- 
sults given  in  this  example  indicate  one  of 
the  deficiencies  of  the  calculation.  With 
the  lifetime  reduction  caused  by  the  copper 
impurities,  the  assumption  of  100-percent 
collection  efficiency  is  no  longer  valid. 

As  might  be  expected,  electron-beam-induced 
currents  and  the  resulting  images  in  tran- 
sistors and  integrated  circuits  are  often  com- 
plex.    The  existence  of  additional  leakage 
paths  and  interacting  junctions  are  sources 
of  additional  complications.    An  example  of 
the  errors  which  can  be  introduced  by  these 
factors  is  illustrated  in  figure  73  for  an 


EBIC  image  of  diode  showing  copper  clus- 
ters . 


720  (2500) 


240 


X  ~ 


b.     EBIC  signal  as  lO-keV  electron  beam  tra- 
verses a  cluster.    Measured  gains,  G,  are 
indicated;  the  number  in  parenthesis  is 
the  gain  calculated  from  the  simple  model. 

Figure  72.  E 1 ect ron-beam- i nduced-cur rent  re- 
sponse of  a  copper-doped  silicon  p-n  diode. 


npn  transistor  with  oxide  and  aluminum  thick- 
nesses and  junction  depths  as  indicated  in 
the  figure.     EBIC  scans  across  the  device, 
made  under  various  conditions,  are  also  shown. 
In  each  scan,  the  signal  was  taken  from  one 
region  of  the  transistor  and  the  other  re- 
gions were  grounded.     The  gain  scales  are  not 
linear;  selected  values  are  indicated  and  com- 
pared with  values  in  parentheses  calculated 
using  the  simple  method.     The  signal  is  a 
maximum  where  the  active  junction  vertically 
approaches  the  surface.     This  geometrical  ar- 
rangement allows  for  maximum  collection  ef- 
ficiency, and  the  best  agreement  with  the  cal- 
culation occurs  at  these  points.     The  mea- 
sured signal  from  the  emitter  at  10  keV  is  in 
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a.     Cross  section  with  vertical  dimensions, 

-G  =  1029  (1000)  , 


-G  =  514  (1900) 


b.  Current  gain  for  lO-keV  electrons  with 
the  signal  taken  from  the  emitter  with 
the  base  and  collector  grounded. 


G  =  1886  (4500) — ri 
G  =  1543  (2100) 


G  =  1286    (  3400)- 


c.  Current  gain  for  20-ke\l  electrons  with 
the  signal  taken  from  the  emitter  with 
the  base  and  collector  grounded. 


-G  =  1000  (1000) 


-G  =  183  (1000) 


d.     Current  gain  for  10-keV  electrons  with 
the  signal  taken  from  the  collector  with 
the  base  and  emitter  grounded. 

Figure  73.     El ectron-beam- i nduced-current  re- 
sponse of  a  silicon  npn  transistor.  (Mea- 
sured gains,  G,  are  indicated;  numbers  in 
parentheses  are  gains  calculated  from  the 
s  impl e  model . ) 


better  agreement  with  the  calculation  than 
that  at  20  keV  because  of  differences  in  elec- 
tron penetration.     At  10  keV,  most  of  the  en- 
ergy is  deposited  at  depths  less  than  1000  nm 
while  at  20  keV  a  significant  fraction  is  de- 
posited at  greater  depths.     At  10  keV,  the 
signal  drops  off  rapidly  away  from  the  point 
where  the  active  junction  intersects  the  sur- 
face; at  this  energy,  the  beam  does  not  pene- 
trate to  the  horizontal  part  of  the  junction. 

(K.  F.  Galloway, 
W.  J.  Keery,  and  K.  0.  Leedy) 


Accurate  models  are  not  available  to  account 
for  these  various  complicating  factors.  Nev- 
ertheless, the  EBIC  mode  has  been  very  suc- 
cessfully applied  in  a  comparative  mode  [112].j 
In  circuits  of  a  repetitive  nature  such  as  I 
multiple-gate  devices,  multiple-bit  shift  reg-j 
isters,  flip-flops,  or  any  circuit  where  a  ' 
circuit  function  is  duplicated,  operating  and 
nonoperating  regions  can  be  compared.     Where  | 
a  duplication  of  function  within  a  single  die  ' 
is  not  available,  the  EBIC  display  from  a 
good  circuit  can  be  compared  with  that  from  ■ 
a  defective  circuit.     In  all  applications  of  | 
a  comparative  nature,  the  instrument  condi- 
tions must  be  held  constant  from  specimen  to  ji 
specimen.  ' 


One  particularly  useful  application  of  this 
mode  of  examination  is  in  locating  in  failed 
devices  the  malfunctioning  region  which  can 
then  be  the  focus  of  investigation  by  other 
means.     Two  examples  of  this  application  are 
given.     The  first  is  a  quad  2-input  NAND  gate 
which  contained  four  identical  gates.    An  op- 
tical photomicrograph  of  the  upper  portion  of 
the  die  showing  two  of  the  four  gates  is  re- 
produced as  figure  74a.     The  gate  on  the 
right  was  not  functional  in  either  an  ac  or 
dc  mode.     However,  visual  inspection  failed 
to  detect  any  pertinent  anomalies.  Examina- 
tion of  an  EBIC  image  obtained  from  the 
ground  pin  of  the  device  (fig.  74b)  reveals 
that  there  is  a  resistor  (arrow)  visible  in 
the  inoperative  circuit  which  is  not  apparent 
in  the  good  one.     A  careful  analysis  of  the 
circuit  indicated  that  this  must  be  due  to 
an  unwanted  leakage  path  from  that  resistor 
or  its  metallization  to  ground.  Subsequent- 
ly, the  metallization  was  removed  and  a  pin 
hole  was  found  beneath  the  metallization 
stripe  outside  the  resistor  tub.     This  ef- 
fectively shorted  the  resistor  to  ground  en- 
abling the  electron-beam-induced  current  in 
the  resistor  to  be  collected  and  displayed. 


The  second  example  is  a  group  of  eleven 
failed  low-power  four-bit  shift  registers. 
EBIC  images  of  the  bad  circuits  were  checked 
against  those  of  a  functional  one.     As  in  the 
first  example,  the  EBIC  signal  was  collected 
from  the  device  ground.     Figure  75a  shows  an 
EBIC  image  of  a  good  device;  the  arrow  indi- 
cates the  presence  of  a  junction  which  was 
not  visible  in  the  EBIC  images  of  the  bad  de- 
vices, one  of  which  is  shown  in  figure  75b. 

In  a  more  thorough  inspection  of  the  suspect 
area,  it  was  found  to  consist  of  an  input 
protection  diode  junction.    With  greatly  in- 
creased beam  currents  an  EBIC  response  of 
this  junction  was  detectable  as  is  shown  in 
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fa.    Optical  photomicrograph;  no  difference  be-   b.     EBIC  image;  the  response  from  the  resis- 
tween  the  gates  is  visible.  tor  (arrow)   identifies  the  faulty  element, 

Figure  Jh.     Portion  of  a  quad  2-input  NAND  gate  including  a  functional  gate  on  the  left  and 
a  nonfunctional  gate  on  the  right. 


EBIC  image  of  a  good  device;  note  June 
tion  marked  by  arrow  which  does,  not  ap 
pear  in  the  images  of  faulty  devices. 


b.     EBIC  image  of  a  failed  device;  note  ab- 
sence of  junction  visible  in  good  devices. 


c.    Junction  made  visible  in  EBIC  image  by 
use  of  larger  beam  current;  note  current 
anomal ies  (arrow) . 


d.     Scanning  electron  micrograph  of  the  junc- 
tion after  preferential  etching,  showing 
damage  (arrow) . 


Figure  75.     Portions  of  a  low-power,  four-bit  shift  register, 
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figure  75c;  current  anomalies  around  the  junc- 
tion are  also  visible  in  the  figure.     A  sec- 
ondary electron  examination  of  this  area 
showed  nothing  until  the  glass  passivation 
was  removed  and  the  surface  etched  preferen- 
tially.    A  scanning  electron  micrograph  of 
the  etched  surface  (fig.  75d)  revealed  dam- 
age across  the  diode  junction  which  could  ac- 
count for  the  leakage  and  result  in  the  low 
gain  across  the  junction.     Further  investiga- 
tion confirmed  that  all  eleven  devices  had 
failed  in  the  same  manner  at  the  same  pin. 
This  was  traced  to  the  improper  set  up  of  an 
automatic  test  machine. 

(J.  R.  Devaney^  and  K.  0.  Leedy) 

9.4.    Automated  Scanning  Low  Energy  Electron 
Probe 

Additional  investigations  of  wafer  defects 
were  carried  out  with  the  automated  scanning 
low  energy  electron  probe  (ASLEEP)   (NBS  Spec. 
Publ.  400-29,  pp.  58-59).     Six  wafers  were 
oxidized  to  cause  the  formation  of  oxidation 
stacking  faults.     It  was  found  that  the  oxida- 
tion stacking  faults  were  too  small  to  be  re- 
solved by  the  ASLEEP.     On  the  portions  of  the 
wafers  which  were  preferentially  etched  [113] 
to  reveal  the  defects,  the  etch  pits  were 
found  to  be  1  to  2  ym  in  diameter.     This  ap- 
pears to  be  below  the  resolution  limit  for 
the  ASLEEP  electron  optics. 

A  special  test  structure  with  minimum  exposed 
oxide  (to  reduce  the  effects  of  surface  charg- 
ing) was  constructed  for  voltage  resolution 
measurements.     A  gold  metallized  alumina  sub- 
strate was  divided  into  two  large  pads  sepa- 
rated by  an  80-ym  gap.     An  adjustable  voltage 
was  applied  between  the  two  pads  and  its  ef- 
fect on  the  video  signal  was  studied.     A  sin- 
gle line  was  scanned  across  the  pads  and  the 
target  current  was  displayed  on  the  oscillo- 
scope.    The  potential  on  each  pad  was  ad- 
justed so  that  the  currents  on  each  were 
equal  and  less  than  1  nA.     Then  the  potential 
of  one  pad  was  adjusted  until  the  target  cur- 
rent was  displaced  by  the  width  of  the  noise 
on  the  scope.     Under  the  best  achievable  con- 
ditions, a  25-mV  change  in  potential  was  re- 
quired to  do  this.     In  addition,  the  computer 
was  used  to  measure  voltage  resolution  by  ap- 
plying the  cathode  ramp  and  threshold  detec- 
tor .     Comparison  of  measurements  made  over  a 
period  of  less  than  a  minute  showed  standard 
deviations  of  1  mV  but  long  term  drifts  de- 
graded the  accuracy  of  the  measurement  and 
increased  the  standard  deviation  to  10  mV. 
These  drifts  are  due  to  the  wandering  of  the 


beam  on  the  target  surface  and  to  variations 
in  heater  current. 

Efforts  were  made  to  observe  surface  poten- 
tial differences  between  regions  of  a  speci- 
men implanted  with  different  densities  of 
phosphorus.     The  results  of  the  experiments 
showed  that  charging  of  the  native  oxide  ob- 
scures the  change  in  surface  potential 
caused  by  the  Fermi  level  shift  due  to  dop- 
ing and  prevents  ASLEEP  from  making  doping 
density  measurements. 

Efforts  were  also  made  to  observe  potential 
variations  of  an  unpassivated  integrated  cir- 
cuit chip.     The  ASLEEP  was  barely  able  to  re- 
solve portions  of  the  circuit  consisting  of 
5-ym  lines  with  7-)jm  spaces.  Observations 
were  impaired  because  of  surface  charging  ef- 
fects; attempts  to  steer  the  beam  so  that  it 
probed  only  the  metal  interconnects  were  un- 
successful because  of  drifts  in  the  deflec- 
tion circuit.     It  was  concluded,  that  in  its 
present  form,  the  ASLEEP  is  not  suitable  for 
examining  integrated  circuit  chips.     No  fur- 
ther work  on  this  instrument  will  be  con- 
ducted under  this  program.       (W.  C.  Jenkins^) 

9.5.    Thermal  Properties  of  Transistors'*" 

A  model  to  describe  the  initiation  of  thermal 
instability,  the  formation  of  stable  hot 
spots,  and  forward  biased  second  breakdown  in 
power  transistors  has  been  developed  and 
tested  [114].     The  model  has  been  used  to  pre- 
dict the  locus  of  thermal  instability  (hot- 
spot  formation)  in  the  I^,  -  V^^  [  (collector- 
current)  -  (collector-emitter  voltage)]  plane 
to  within  about  5  percent.     For  the  stable 
hot-spot  mode,  the  model  describes  the  quali- 
tative behavior  of  the  peak  junction  tempera- 
ture, the  current  density  distribution,  and 
the  area  of  the  stable  hot  spot.     The  model 
also  qualitatively  describes  the  1^,  -  V^^  lo- 
cus at  which  second  breakdown  occurs  and  pre- 
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diets  a  cross-over  point  of  the  hot-spot  and 
second -breakdown  loci,  which  was  observed  ex- 
perimentally [114],  and  provides  a  basis  for 
axplaining  the  experimentally  observed  therm- 
al hysteresis  of  the  transistor  current  gain 
:[115]. 

iThe  model  is  based  upon  the  concept  of  a  sta- 
Ibility  factor  [116]  which  accounts  for  the 
j thermal-electrical  feedback  mechanisms  of 
'transistors.     The  expression  for  the  stabil- 
jity  factor  which  determines  initiation  of 
thermal  instability  is  derived  assuming ' that 
jthe  current  distribution  throughout  the  de- 
;jvice  is  uniform  prior  to  instability  and  that 
is  related  to  the  emitter-base  voltage, 

V^,  by  the  Ebers-Moll  equation  [117].  Once 
BE 

■instability  has  occurred,  the  model  accounts 
' for  two  phenomena  which  occur  as  the  current 
j!  constricts  to  the  hot-spot  area.     First,  the 
current  density  becomes  large  enough  that 
1  current  crowding  (to  the  edges  of  the  emit- 
1 ter  fingers)  occurs  within  the  hot  spot,  and 
second,  base  widening  occurs  due  to  the 
large  current  densities  involved.     The  effect 
1  of  these  two  phenomena  is  to  modify  the  ex- 
!  preasion  relating  I_  to  V,,^  and  thus  also  to 

I  modify  the  expression  for  the  stability  fac- 
tor.    The  net  result  is  that  the  device  can 

'  restabilize  in  a  stable  hot-spot  mode  of  op- 
eration and  exhibit  thermal  hysteresis. 

ij 

"  The  three  device  parameters  required  to  pre- 
■  diet  the  onset  of  thermal  instability  are  all 
easily  measured.     The  thermal  resistance, 
Rgjj,,  is  determined  using  the  recommended 

standard  [118].     The  emitter  resistance,  R^, 

j  is  determined  using  the  floating-collector 
J  technique  [119].     A  pre-exponential  current, 
I  I^,  which  relates  the  collector  current  to 

j  the  base  emitter  voltage,  V^^,  at  low  values 
]  of  collector  current: 

'  Ij.  =  I,   exp   [q(Vg^  -  Eg)/kT],  (25) 

I  where  is  the  forbidden  energy  gap  (in  elec- 
i  tron  volts),  q  is  the  electronic  charge,  k  is 


the  Boltzmann's  constant,  and  T  is  the  abso- 
lute temperature,  is  determined  from  curve- 
tracer  measurements  of  the  I.  -  V  charac- 

L  DC 

teristic  at  collector  currents  below  10  mA. 

The  quantitative  predictions  of  device  behav- 
ior in  the  stable  hot-spot  mode  and  the  onset 
of  second  breakdown  are  not  as  accurate  as 
those  for  the  initiation  of  thermal  instabil- 
ity primarily  because  additional  simplifying 
assumptions  for  current  crowding  and  base  wid- 
ening are  contained  in  the  model.  However, 
while  this  portion  of  the  model  may  require 
some  refinements  to  give  a  more  exact  descrip- 
tion of  device  parameters  and  characteristics 
in  the  stable  hot  spot,  it  does  appear  to  pro- 
vide a  satisfactory  picture  of  the  physical 
behavior  of  the  device  for  these  conditions . 

The  newly  automated  infrared  microradiometer 
proved  to  be  extremely  valuable  in  this  study. 
In  this  automated  facility,  an  interactive 
data  acquisition  system  controls  the  stepper- 
motor-driven  X-Y  stage  upon  which  the  device 
under  test  rests,  acquires  the  output  of  the 
microradiometer  through  a  digital  voltmeter, 
and  sends  the  results  to  a  printer  to  be 
printed  out  in  hard  copy  and  paper  tape.  The 
thermal  measurements  were  used  to  demonstrate 
the  surprising  fact  that  current  crowding  oc- 
curs within  the  hot  spot.     This  was  accom- 
plished by  noting  that  the  temperatures  along 
the  emitter  finger  edges  were  higher  than  at 
their  centers  which  can  only  be  accounted  for 
by  current  densities  being  higher  at  the 
edges  than  at  the  centers. 

The  results  of  this  work  are  important  for  un- 
ders'tanding  device  operation  and  in  the  de- 
sign of  devices  where  trade-offs  between  vari- 
ous device  performance  characteristics  must 
always  be  made.     However,  the  primary  purpose 
for  undertaking  this  work  was  to  establish  an 
improved  basis  for  developing  safe  operating 
area  limits  for  power  transistors.     These  lim- 
its define  the  operating  conditions  in  which 
overheating  and  thermal  instabilities  do  not 
occur.  (D.  L.  Blackburn,  F.  F.  Oettinger, 

S.  Rubin,  G.  J.  Rogers,  and  P.  L.  Hower""'") 
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B.3.  Videotapes 

Color  videotape  cassette  presentations  on  improvements  in  semiconductor  measurement  tech- 
nology are  being  prepared  for  the  purpose  of  more  effectively  disseminating  the  results  of 
the  work  to  the  semiconductor  industry.     These  videotapes  are  available  for  distribution 
on  loan  without  charge  on  request  to  Mrs.  E.  C.  Cohen,  Room  A327,  Technology  Building,  Na- 
tional Bureau  of  Standards,  Washington,  D.  C.     20234.     Copies  of  these  videotapes  may  be 
made  and  retained  by  requestors.     As  an  added  feature,  arrangements  can  be  made  for  the 
authors  to  be  available  for  a  telephone  conference  call  to  answer  questions  and  provide 
more  detailed  information,  following  a  prearranged  showing  of  either  of  the  videotapes. 

The  following  videotapes  are  available  for  distribution: 

1.  Defects  in  PN  Junctions  and  MOS  Capacitors  M.  G.  Buehler  August  1974 
Observed  Using  Thermally  Stimulated  Current  and 

Capacitance  Measurements 

2.  Laser  Scanning  of  Active  Semiconductor  Devices  D.  E.  Sawyer  and  October  1975 

D.  W.  Berning 


B.4.     Contractor  Reports  and  Publications 

Work  carried  on  under  contract  to  NBS  is  reported  in  both  NBS  publications  and  in  the  open 
literature  as  various  phases  are  completed.     Publications  and  reports  of  this  kind  which 
have  appeared  since  the  beginning  of  the  contract  efforts  are  listed  below: 

Steigerwalt,  S.  T.,  and  Lagnado,  I.,  The  CCD  as  a  Test  Structure  for  Semiconductor  Process 
Control,  Microeleatronics  J.  1_,  23-29  (1975). 

Rudenberg,  H.  G.,  Automated  Integrated  Circuit  Processing  and  Assembly,  NBS-GCR-76-64  (April 
1975) . 

Duffy,  M.  T.,  Zanzucchi,  P.  J.,  and  Cullen,  G.  W.,  Method  to  Determine  Quality  of  Sapphire, 
NBS-GCR-76-61  (September  1975). 

Johannessen,  J.  S.,  Spicer,  W.  E. ,  and  Strausser,  Y.  E. ,  Phase  Separation  in  Silicon  Oxides 
as  Seen  by  Auger  Electron  Spectroscopy,  Aippl.  Phys.  Letters  2]_,  452-454  (1975). 

Johannessen,  J.  S.,  Spicer,  W.  E. ,  and  Strausser,  Y.  E.,  Use  of  Auger  Electron  Spectroscopy 
to  Determine  the  Structure  of  Silicon  Oxide  Films,  Semiconductov  Measurement  Technology: 
ARPA/NBS  Workshop  IV.     Surface  Analysis  for  Silicon  Devices,  NBS  Special  Publication  400-23, 
pp.  119-123  (March  1976). 

Strausser,  Y.  E.,  and  Johannessen,  J.  S.,  An  Auger  Electron  Spectroscopy  Study  of  Silicon 
Spectra  from  Silicon  Monoxide,  Silicon  Dioxide,  and  Silicon  Nitride,  Semioonduotor  Measure- 
ment Technology:     ARPA/NBS  Workshop  IV.     Surface  Analysis  for  Silicon  Devices,  NBS  Special 
Publication  400-23,  pp.  125-138  (March  1976). 

Kasdan,  H.  L. ,  and  George,  N.,  Linewidth  Measurement  by  Diffraction  Pattern  Analysis,  Proa. 
Soc.  Photo-Optical  Instrum.  Engrs.  80_,  Developments  in  Semiconductor  Micro  lithography ,  54- 
63  (1976). 

Johannessen,  J.  S.,  Spicer,  W.  E.,  and  Strausser,  Y.  E. ,  An  Auger  Analysis  of  the  Si02-Si 
Interface,  J.  Appl.  Phys.  4_7,  3028-3037  (1976). 

Weglein,  R.  D. ,  Acoustic  Properties  of  Sputtered  Glass  at  Microwave  Frequencies,  Appl.  Phys. 
Letters  29_,  277-279  (1976). 

Taylor,  N.  J.,  Johannessen,  J.  S.,  and  Spicer,  W.  E.,  Crater-Edge  Profiling  in  Interface 
Analysis  Employing  Ion-Beam  Etching  and  AES,  Appl.  Phys.  Letters  29_,  497-499  (1976). 
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Goodman,  A.  M. ,  Semioonductor  Measurement  Technology.  The  Safe  Operation  of  Capacitance 
Meters  Using  High  Applied  Bias  Voltage,  NBS  Special  Publication  400-34  (December  1976). 

Wilson,  R.  G.,  Planar  and  Axial  Channeling  of  800-keV  As  in  <110>  Si,  Appl.  Phys.  Letters 
29,  nO-ni  (1976). 

B.5.     Availability  of  Publications 

In  most  cases  reprints  of  articles  in  technical  journals  may  be  obtained  on  request  to 
the  author.     NBS  Technical  Notes  and  Special  Publications  are  available  from  the  Super- 
indendent  of  Documents,  U.S.  Government  Printing  Office,  Washington,  D.  C.     20402,  or 
the  National  Technical  Information  Service,  Springfield,  Virginia    22161,  or  both. 

Current  information  regarding  availability  of  all  publications  issued  by  the  Program  is  p 
vided  in  the  latest  edition  of  NBS  List  of  Publications  No.  72  which  can  be  obtained  on  r 
quest  to  Mrs.  E.  C.  Cohen,  Room  A327,  Technology  Building,  National  Bureau  of  Standards, 
Washington,  D.  C.  20234. 
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WORKSHOP    AND    SYMPOSIUM  SCHEDULE 


C.l.     Proceedings  or  Reports  of  Past  Events: 

Symposium  on  Silicon  Device  Processing,  Gaithersburg,  Maryland,  June  2-3,  1970. 
(Cosponsored  by  ASTM  Committee  F-1  and  NBS) .     Proceedings:     NBS  Spec.  Publ. 
337  (November  1970) . 

ARPA/NBS  Workshop  I.    Measurement  Problems  in  Integrated  Circuit  Processing 
and  Assembly,  Palo  Alto,  California,  September  7,  1973.     Report:  NBS 
Spec.  Publ.  4C0-3  (January  1974). 

ARPA/NBS  Workshop  II.     Hermeticity  Testing  for  Integrated  Circuits,  Gaithersburg 
Maryland,  March  29,  1974.     Report:     NBS  Spec.  Publ.  400-9  (December  1974). 

Spreading  Resistance  Symposium,  Gaithersburg,  Maryland,  June  13-14,  1974.  (Co- 
sponsored  by  ASTM  Committee  F-1  and  NBS).     Proceedings:     NBS  Spec.  Publ. 
400-10  (December  1974) . 

ARPA/NBS  Workshop  III.     Test  Patterns,  Scottsdale,  Arizona,  September  6,  1974. 
Report:     NBS  Spec.  Publ.  400-15  (January  1976). 

ARPA/NBS  Workshop  IV.     Surface  Analysis  for  Silicon  Devices,  Gaithersburg, 
Maryland,  April  23-24,  1975.     Proceedings:     NBS  Spec.  Publ.  400-23 
(March  1976) . 

NBS/FDA  Workshop.     Reliability  Technology  for  Cardiac  Pacemakers,  Gaithersburg, 
Maryland,  July  28-29,  1975.     Report:     NBS  Spec.  Publ.  400-28  (June  1976). 

Reliability  Technology  for  Cardiac  Pacemakers,  II,  Gaithersburg,  Maryland, 
July  19-20,  1976.     Report:     in  preparation. 
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STANDARDS    COMMITTEE  ACTIVITIES 

ASTM  Connnittee  F-1  on  Electronics 

J.  H.  Albers,  Microelectronic  Materials  and  Packaging  Subcommittee- 

M.  G.  Buehler,  Semiconductor  Physical  Properties,  Semiconductor  Process  Materials, 
Electrical  and  Optical  Measurements,  Microelectronic  Materials  and  Packaging, 
Microelectronics  Imaging,  and  Quality  and  Hardness  Assurance  Subcommittees 

*W.  M.  Bullis,  Secretary;  Editor,  Semiconductor  Physical  Properties  Subcommittee 

J.  R.  Ehrstein,  Semiconductor  Physical  Properties,  Electrical  and  Optical  Measure- 
ments, and  Quality  and  Hardness  Assurance  Subcommittees 

*J.  C.  French,  Chairman,  Editorial  Subcommittee 

G.  G.  Harman,  Microelectronic  Materials  and  Packaging  Subcommittee 

K.  0.  Leedy,  Semiconductor  Physical  Properties,  Electrical  and  Optical  Measure- 
ments, Microelectronic  Materials  and  Packaging,  and  Quality  and  Hardness 
Assurance  Subcommittees 

*C.  P.  Marsden,  Honorary  Chairman 

R.  L.  Mattis,  Editor,  Semiconductor  Measurements  Subcommittee;  Semiconductor 
Physical  Properties  Subcommittee 

*J.  F.  Mayo-Wells,  Secretary,  Editorial  Subcommittee 

D.  B.  Novotny,  Editor,  Microelectronics  Imaging  Subcommittee;  Semiconductor  Physi- 
cal Properties  and  Microelectronic  Materials  and  Packaging  Subcommittees 

W.  E.  Phillips,  Semiconductor  Physical  Properties  and  Electrical  and  Optical  Mea- 
surements Subcommittees 

G.  J.  Rogers,  Lasers  and  Quality  and  Hardness  Assurance  Subcommittees 

S.  Ruthberg,  Microelectronic  Materials  and  Packaging  Subcommittee 

*R.  I.  Scace,  Second  Vice-Chairman 

*H.  A.  Schafft,  Publicity  Officer 

A.  H.  Sher,  Semiconductor  Physical  Properties,  Semiconductor  Process  Materials, 

Electrical  and  Optical  Measurements,  Microelectronic  Materials  and  Packaging, 
Microelectronics  Imaging,  and  Quality  and  Hardness  Assurance  Subcommittees 

W,  R.  Thurber,  Semiconductor  Physical  Properties  and  Electrical  and  Optical  Mea- 
surements Subcommittees 

ASTM  Committee  E-10  on  Radioisotopes  and  Radiation  Effects 

W.  M.  Bullis,  Subcommittee  on  Radiation  Effects  on  Electronic  Materials  and  Devices  and 
Pulsed  Radiation  Effects 

J.  C.  French,  Subcommittee  on  Radiation  Effects  on  Electronic  Materials  and  Devices  and 
Pulsed  Radiation  Effects 

R.  I.  Scace,  Subcommittee  on  Radiation  Effects  on  Electronic  Materials  and  Devices  and 
Pulsed  Radiation  Effects 


)|   All  subcommittees . 
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Electronic  Industries  Association:     Solid  State  Products  Division,  Joint  Electron  Device 
Engineering  Council  (JEDEC) 

D.  L.  Blackburn,  Task  Group  JC-25-5  on  Thermal  Characterization  on  Power  Transistors 
and  Committee  JC-25  on  Power  Transistors 

F,  F.  Oettinger,  Chairman,  Task  Group  JC-25-5  on  Thermal  Characterization  on  Power 
Transistors,  Committee  JC-25  on  Power  Transistors;  Technical  Advisor,  Thermal 
Properties  of  Devices,  Committees  JC-13.1  on  Government  Liaison  for  Discrete 
Semiconductor  Devices,  and  JC-22  on  Rectifier  Diodes  and  Thyristors 

S.  Rubin,  Chairman,  Council  Task  Group  on  Galvanomagnetic  Devices 

D.  E.  Sawyer,  Task  Group  JC-2A-5  on  Transistor  Scattering  Parameter  Measurement 
Standard,  Committee  JC-24  on  Low  Power  Transistors 

H.  A.  Schafft,  Technical  Advisor,  Second  Breakdown  and  Related  Specifications 
Committee  JC-25  on  Power  Transistors 

lEC  TC47,  Semiconductor  Devices  and  Integrated  Circuits 

S.  Rubin,  Technical  Expert,  Galvanomagnetic  Devices;  U.S.  Specialist  for  Working 
Group  5  on  Hall  Devices  and  Magnetoresistive  Devices 

IEEE  Electron  Devices  Society 

J.  C.  French,  Standards  Committee 

F.  F.  Oettinger,  Standards  Committee  Task  Force  on  Second  Breakdown  Measurement 
Standards 

H.  A.  Schafft,  Standards  Committee  Task  Force  on  Second  Breakdown  Measurement 
Standards 

IEEE  Industry  Applications  Society 

F.  F.  Oettinger,  Vice-Chairman,  Standards  Subcommittee,  Power  Semiconductor  Com- 
mittee 

IEEE  Magnetics  Group 

S.  Rubin,  Chairman,  Galvanomagnetic  Standards  Subcommittee 
Semiconductor  Equipment  and  Materials  Institute 

R.  I.  Scace,  Standards  Committee 

Society  of  Automotive  Engineers 

W.  M.  Bullis,  Planning  Subcommittee  of  Committee  H  on  Electronic  Materials  and 
Processes 

J.  C.  French,  Subcommittee  A-2N  on  Radiation  Hardness  and  Nuclear  Survivability 
F.  F.  Oettinger,  Steering  Committee,  Electronic  Systems  Committee 
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SOLID-STATE    T  E  C  H  PI  0  L  0  G  Y    S    F  A  B  R  I  C  A  T  I  0  fl  SERVICES 

Technical  services  in  areas  of  competence  are  provided  to  other  NBS  activities  and  other 
government  agencies  as  they  are  requested.     Usually  these  are  short-term,  specialized  ser- 
vices that  cannot  be  obtained  through  normal  commercial  channels.     Such  services  provided 
during  this  and  the  previous  reporting  period,  which  are  listed  below,  indicate  the  kinds 
of  technology  available  to  the  program. 


I   E.l.     Scanning  Electron  Microscopy     (W.  J.  Keery) 

Tips  of  surface  profile  instruments  were  examined  for  the  NBS  Optics  and  Micrometrology 
1  Section  for  use  in  an  ANSI  Round  Robin. 

Samples  of  fire  retardant  gypsum  wall  board,  both  new  and  fire  damaged,  were  examined 
for  the  NBS  Fire  Safety  Engineering  Division. 

E.2.     Semiconductor  Device  Fabrication     (T.  F.  Leedy  and  J.  Krawczyk) 

'  MOS  capacitors  were  prepared  for  the  Harry  Diamond  Laboratories  for  use  in  radiation  hard- 
j   ness  and  charge  transport  studies. 

Several  special  silicon  samples  for  use  in  a  metal-vacuum-metal  tunneling  experiment  were 
I    prepared  for  the  NBS  Mechanics  Division.     The  fabrication  of  these  samples  included  thermal 
and  chemical  vapor  preparation  of  silicon  oxide  layers,  chemical  vapor  deposition  of  poly- 
crystalline  silicon  layers,  evaporation  of  chromium  pattern  using  photomask  techniques, 
I    evaporation  of  aluminum  and  copper  films,  and  use  of  preferential  plasma  etching,  scribing, 
and  mounting  chips  onto  headers . 


E.3.    Metal  Evaporation     (J.  Krawczyk) 

Several  special  emulsion  reticles  were  prepared  for  the  NBS  Physical  Chemistry  Division. 


'    E.4.     Test  Pattern  Applications     (M.  G.  Buehler) 

Work  was  initiated  on  development  of  process  validation  wafers  to  assist  the  Navy  Special 
Projects  Office*  in  identification  and  solution  of  yield  problems  in  obtaining  complex 
I    beam-lead,  dielectrically-isolated ,  Schottky- clamped  TTL  circuits. 

I    Assistance  was  provided  to  the  National  Security  Agency^  in  designing  a  test  pattern  to 
i    evaluate  C-MOS  on  sapphire  processes  at  various  prospective  vendors.     Eighteen  test  struc- 
I    tures  were  designed  for  measuring  process  and  device  parameters. 


"SP-27  MIPR  No.  N00154-76-MP-01+590  and  N00164-6-04590 .  (NBS  Cost  Center  4251547). 
t 

NSA  MIPR  No.  H  98230-R3-76-8132.     (NBS  Cost  Center  4259562). 
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acoustic  emission  69-72 

acoustic  microscopy  79-83 

ASTM  Method  F  374  7-9 

Auger  electron  spectroscopy  31-35 

beam-lead  bonding  69-72 

bond  monitor,  in-process  72-74 

boron  nitride  diffusion  sources  47 

capacitance-voltage  method  26,28 
corona  discharge  method  42-47 
cross-type  sheet  resistor  64-65 

depletion  approximation  Z 
dopant  profiles    11-13;  31-35 

electron  beam  evaporator    26,28;  36,38-40 
electron  mobility  17-19 

electron-beam-induced-current  mode  85-88 
electron-beam-induced  damage  84-85 

filar  eyepiece  53-58 

film  carrier  bonding  72 

flame  emission  spectrometry  19-20 

flying-spot  scanner    60;  77-79 

four-probe  array,  square  39-40 

four-probe  method  7-9 

gross  leak  tests  55-56 

hermeticity  74-75 

hot  spots  88-89 

hydrogen  chloride  oxidation  47 

image-shearing  eyepiece  53-58 
incremental  sheet  resistance  11-13 
infrared  microradiometer  77-79 
infrared  reflectance  method  29-30 
in-process  bond  monitor  72-74 
ion  implantation  40-42 
ion  microprobe  mass  analysis  3 
Irvin's  curves  15-17 

junction  temperature  77-79 

line-width  measurement    48-50;  50-52;  53;  53- 

56;  57-58 
line-width  standards  53 
loose  particle  detection  75-76 

microdensitometer  60 

microscopy,  optical  (theory)     48-50;  50-52 
modular  test  patterns  65-66 


NBS-3  test  pattern    15-17;  17-19 
neutron  activation  analysis  30-31 

optical  overlay  method  59 
oxidation  furnace  atmosphere  36-37 
oxide  films    18-19;  26,28 

particle  impact  noise  detection  (FIND)  test 
75-76 

passivation  overcoats  42-47 
photomask  inspection  58-61 
photomask  metrology  48-58 
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power-device  silicon  13-15;  19-24 
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safe  operating  area,  transistor  80-89 
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59-60 
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test  patterns    61;  65-66;  65,67-68 
thermally  stimulated  current  19-27 
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Page  numbers  in  italics  refer  to  entries  in  the  Highlights  section  for  those  topics  for 
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